Analyses bioinformatiques de la régulation des éléments transposables chez les mammifères by Teissandier, Aurélie
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❏❡ ✈♦✉❞r❛✐s t♦✉t ❞✬❛❜♦r❞ r❡♠❡r❝✐❡r ❊♠♠❛♥✉❡❧❧❡ ▲❡r❛t ❡t ●❛ë❧ ❈r✐st♦❢❛r✐ ♣♦✉r ❛✈♦✐r
❛❝❝❡♣té ❞✬êtr❡ ❧❡s r❛♣♣♦rt❡✉rs ❞❡ ♠❛ t❤ès❡ ❡t ♣♦✉r ❧❡ t❡♠♣s q✉✬✐❧s ✈♦♥t ❝♦♥s❛❝r❡r à
❧✬❡①♣❡rt✐s❡ ❞❡ ♠♦♥ ♠❛♥✉s❝r✐t ❞❡ t❤ès❡✳ ❏❡ s♦✉❤❛✐t❡ ❛✉ss✐ r❡♠❡r❝✐❡r ❆♥♥❛✲❙♦♣❤✐❡ ❋✐st♦♥✲
▲❛✈✐❡r✱ ▼✐❝❤❛ë❧ ❲❡❜❡r ❡t ❙té♣❤❛♥❡ ▲❡ ❈r♦♠ ♣♦✉r ❧✬✐♥térêt q✉✬✐❧s té♠♦✐❣♥❡♥t à ♠♦♥
tr❛✈❛✐❧ ❡♥ ❛❝❝❡♣t❛♥t ❞✬êtr❡ ♠❡♠❜r❡ ❞❡ ♠♦♥ ❥✉r② ❞❡ t❤ès❡✳
❏❡ t✐❡♥s à ❡①♣r✐♠❡r ♠❛ ♣r♦❢♦♥❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ à ❉é❜♦r❛❤ ❇♦✉r❝✬❤✐s ♣♦✉r s♦♥ ✐♠✲
♣❧✐❝❛t✐♦♥ ❡t ❧❡ t❡♠♣s q✉✬❡❧❧❡ ❛ ♣✉ ♠✬❛❝❝♦r❞❡r ♣♦✉r ré♣♦♥❞r❡ à t♦✉t❡s ♠❡s q✉❡st✐♦♥s✳ ❏❡
♠❡s✉r❡ ♠❛✐♥t❡♥❛♥t ❧❡s ♣r♦❣rès q✉❡ ❥✬❛✐ ré❛❧✐sés ❣râ❝❡ à ❡❧❧❡✱ ♠♦✐ q✉✐ ♥❡ ❝♦♥♥❛✐ss❛✐t ♣❛s
❣r❛♥❞ ❝❤♦s❡ à ❧❛ ❜✐♦❧♦❣✐❡ ❡♥ s❡♣t❡♠❜r❡ ✷✵✶✷ q✉❛♥❞ ❥❡ s✉✐s ❛rr✐✈é❡ à ❧✬✐♥st✐t✉t ❈✉r✐❡✳
❊❧❧❡ ♠✬❛ ❞♦♥♥é ❧❡ ❣♦ût ❞❡ ❧❛ r❡❝❤❡r❝❤❡✳ ▼❡r❝✐ à ❡❧❧❡ ♣♦✉r t♦✉t ❝❡ q✉✬❡❧❧❡ ♠✬❛♣♣♦rt❡
♣r♦❢❡ss✐♦♥♥❡❧❧❡♠❡♥t✳
▼❡r❝✐ ❛✉ss✐ à ❊♠♠❛♥✉❡❧ ❇❛r✐❧❧♦t ♣♦✉r ❧❡ s♦✉t✐❡♥ q✉✬✐❧ ♠✬❛ ❛♣♣♦rté ❞✉r❛♥t ❧❡s ❞✐❢✲
❢ér❡♥t❡s ét❛♣❡s ❞❡ ❝❡tt❡ t❤ès❡✱ ❡t s❡s ❝♦♥s❡✐❧s q✉❛♥t ❛✉① ♣r♦❧♦♥❣❡♠❡♥ts à ❞♦♥♥❡r à ♠♦♥
tr❛✈❛✐❧✳
❏❡ ♥❡ ♣❡✉① ❜✐❡♥ sûr ♣❛s ♦✉❜❧✐❡r ◆✐❝♦❧❛s ❙❡r✈❛♥t q✉✐ ❛ été ✉♥ ♣❛rr❛✐♥ ❧♦rs ❞❡ ♠❛
t❤ès❡✳ ■❧ ♠✬❛ ❢♦r♠é à ❧❛ ❜✐♦✐♥❢♦r♠❛t✐q✉❡ q✉❛♥❞ ❥❡ s✉✐s ❛rr✐✈é❡✳ ▼❡r❝✐ ♣♦✉r t♦✉t ❝❡ q✉✬✐❧
♠✬❛ ❛♣♣r✐s✳
❏❡ ✈♦✉❞r❛✐s ❛✉ss✐ r❡♠❡r❝✐❡r t♦✉t❡s ❧❡s ♣❡rs♦♥♥❡s ❞❡ ❧❛ ♣❧❛t❡❢♦r♠❡ ❜✐♦✐♥❢♦r♠❛t✐q✉❡ ❞❡
❧✬✐♥st✐t✉t ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡ ❣r♦✉♣❡ ❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s ♣♦✉r t♦✉s ❧❡s é❝❤❛♥❣❡s
q✉❡ ❧✬♦♥ ❛ ♣✉ ❛✈♦✐r ❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✳ ▼❡r❝✐ ❛✉ss✐ à ❆✉ré❧✐❡ ♣♦✉r s♦♥ ❡s♣r✐t ❝r✐t✐q✉❡✱
✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❛♥s ♥♦tr❡ tr❛✈❛✐❧✳
▼❡r❝✐ à t♦✉t❡ ❧✬éq✉✐♣❡ ❇♦✉r❝✬❤✐s✳ ▲❡s ❞✐s❝✉ss✐♦♥s q✉❡ ♥♦✉s ❛✈♦♥s ♣✉ ❛✈♦✐r ❧♦rs ❞❡s
ré✉♥✐♦♥s ❞❡ ❣r♦✉♣❡ ♦✉ s✐♠♣❧❡♠❡♥t ❞❛♥s ❧❡ ❧❛❜♦r❛t♦✐r❡ ♦♥t ♣♦✉r ♠♦✐ t♦✉❥♦✉rs été ✉♥❡
❝♦♥st❛♥t❡ s♦✉r❝❡ ❞✬✐♥s♣✐r❛t✐♦♥✳ ❏❡ s♦✉❤❛✐t❡ ❧❡s r❡♠❡r❝✐❡r ♣♦✉r ❧❡s ❝♦♥s❡✐❧s q✉✬✐❧s ♦♥t ♣✉
♠✬❛♣♣♦rt❡r ❝♦♥❝❡r♥❛♥t ♠♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡✳ ▲❡✉r ❞✐s♣♦♥✐❜✐❧✐té ❡t ❧❡✉r ❡♥t❤♦✉s✐❛s♠❡
♠✬♦♥t ♣❡r♠✐s ❞✬❛❜♦r❞❡r ❧❡ tr❛✈❛✐❧ ❞❡ r❡❝❤❡r❝❤❡ ❛✈❡❝ ❞❛✈❛♥t❛❣❡ ❞❡ ❞ét❡r♠✐♥❛t✐♦♥✳ ❏❡
t✐❡♥s à r❡♠❡r❝✐❡r t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❏♦❛♥ ❇❛r❛✉ ❡t ▼❛r✐✉s ❲❛❧t❡r q✉✐ ♦♥t ❧❛r❣❡♠❡♥t
❝♦♥tr✐❜✉é à ♠♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡✳
✐
❈❡tt❡ t❤ès❡ ♥✬❛✉r❛✐t ♣❛s ❡✉ ❧✐❡✉ s❛♥s ❧❡ s♦✉t✐❡♥ ✐♥❝♦♥❞✐t✐♦♥♥❡❧ ❞❡ ♠❡s ♣r♦❝❤❡s✳ ▼❡r❝✐
à ♠❛ s♦❡✉r❡tt❡ ▼✐❧è♥❡ q✉✐ ♠❡ s✉♣♣♦rt❡ ❞❡♣✉✐s ✸✵ ❛♥s ❡t ♠❡ s♦✉t✐❡♥t✳ ▼❡r❝✐ à ♠❡s
♣❛r❡♥ts ❆♥❞ré ❡t ❊❧✐s❛❜❡t❤ ♣♦✉r t♦✉t ❝❡ q✉✬✐❧s ♦♥t ❢❛✐t ♣♦✉r ♠♦✐✱ ♣♦✉r ❧✬é❞✉❝❛t✐♦♥ ❡t
❧❡s ✈❛❧❡✉rs q✉✬✐❧s ♠✬♦♥t ❞♦♥♥é✳ ❆ ♠❛ ♠❛♠❛♥ q✉✐ ❡st ✉♥ ❡①❡♠♣❧❡ ❞❡ ✈✐❡✱ ✐♥✈❡st✐❡ ❞❛♥s
s♦♥ tr❛✈❛✐❧ ♠❛✐s ❛✉ss✐ ❞❛♥s s❛ ✈✐❡ ❞❡ ♠èr❡ ❡t é♣♦✉s❡✱ t♦✉❥♦✉rs s✉r t♦✉s ❧❡s ❢r♦♥ts✳ ❊♥✜♥
♠❡r❝✐ à ♠♦♥ ❝❤ér✐ ❏♦♥❛t❤❛♥ ❞❡ ♣❛rt❛❣❡r ❧❡s ❜♦♥s ❝♦♠♠❡ ❧❡s ♠❛✉✈❛✐s ♠♦♠❡♥ts à ♠❡s
❝ôtés✳ ▼❡r❝✐ ♣♦✉r s♦♥ s♦✉t✐❡♥ ❡t s❛ ❥♦✐❡ ❞❡ ✈✐✈r❡✳
✐✐
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▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s♦♥t ❞❡s séq✉❡♥❝❡s ❞✬❆❉◆ q✉✐ ♦♥t ❧❛ ❝❛♣❛❝✐té ❞❡ s❡ ❞é✲
♣❧❛❝❡r ❞❛♥s ❧❡ ❣é♥♦♠❡✳ ■❧s ♣❡✉✈❡♥t ♠♦❞✐✜❡r ❧✬❛r❝❤✐t❡❝t✉r❡ ❡t ❧❛ ré❣✉❧❛t✐♦♥ ❞✉ ❣é♥♦♠❡✱ ❡t
s♦♥t ❛✐♥s✐ ✐♠♣❧✐q✉és ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ❞és♦r❞r❡s ♣❛t❤♦❧♦❣✐q✉❡s✱ ❝♦♥❣é♥✐t❛✉① ♦✉ ❛❝q✉✐s✳
▲✬❛♥❛❧②s❡ ❜✐♦✐♥❢♦r♠❛t✐q✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡
❡st ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❤♦✐① ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡✉r ❜✐♦❧♦❣✐❡✳ ▼♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ été ❞é❞✐é
à ❝❡tt❡ q✉❡st✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❞♦♥♥é❡s ré❡❧❧❡s ❡t s✐♠✉❧é❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r ❛①❡✱ ❡♥
✉t✐❧✐s❛♥t ✉♥ s②stè♠❡ ❝❡❧❧✉❧❛✐r❡ ♠♦❞✉❧❛♥t ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ré✈é❧é q✉❡
❞✐✛ér❡♥t❡s ♠♦❞✐✜❝❛t✐♦♥s ❝❤r♦♠❛t✐♥✐❡♥♥❡s ré♣r❡ss✐✈❡s ❛ss✉r❡♥t ❧❛ ♠✐s❡ s♦✉s s✐❧❡♥❝❡ ❞❡s
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❧♦rsq✉❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ♣❡r❞✉❡✳ ❉❛♥s ✉♥ s❡❝♦♥❞
❛①❡✱ à ❧✬❛✐❞❡ ❞✬✉♥❡ str❛té❣✐❡ ❞❡ ♠✉t❛❣❡♥ès❡ ❛❧é❛t♦✐r❡✱ ♥♦✉s ❛✈♦♥s ❞é❝♦✉✈❡rt ✉♥❡ ♥♦✉✈❡❧❧❡
❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡✱ s♣é❝✐❛❧✐sé❡ ❞❛♥s ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s tr❛♥s♣♦s♦♥s ❥❡✉♥❡s ❛✉ ❝♦✉rs
❞❡ ❧❛ s♣❡r♠❛t♦❣❡♥ès❡✳ ❉❡ ♣❛r ❧❛ ♥❛t✉r❡ ré♣été❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ❧✬❛♥❛❧②s❡
❞❡s tr❛♥s♣♦s♦♥s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ r❡st❡ ❝❡♣❡♥❞❛♥t ✉♥ ✈ér✐t❛❜❧❡ ❞é✜✳ ❋✐✲
♥❛❧❡♠❡♥t✱ ❞❛♥s ✉♥ tr♦✐s✐è♠❡ t❡♠♣s✱ ❥✬❛✐ ❡✉ r❡❝♦✉rs à ✉♥❡ str❛té❣✐❡ ❞❡ s✐♠✉❧❛t✐♦♥ ♣♦✉r
❝♦♠♣❛r❡r ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞✬❛❧✐❣♥❡♠❡♥t ❡t ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❛♥s ❧❡s ❣é♥♦♠❡s
♠✉r✐♥ ❡t ❤✉♠❛✐♥✳ ❏✬❛✐ ❛✐♥s✐ ♣✉ é❧❛❜♦r❡r ❞❡s r❡❝♦♠♠❛♥❞❛t✐♦♥s ♣♦✉r ❧✬ét✉❞❡ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❡t ré✈é❧❡r ❧❡s ❧✐♠✐t❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❝❡rt❛✐♥❡s ❢❛♠✐❧❧❡s ❞❡ tr❛♥s♣♦s♦♥s✳
❆❜str❛❝t
❚r❛♥s♣♦s❛❜❧❡ ❡❧❡♠❡♥ts ❛r❡ ❉◆❆ s❡q✉❡♥❝❡s t❤❛t ❤❛✈❡ t❤❡ ❛❜✐❧✐t② t♦ ♠♦✈❡ ✐♥ t❤❡
❣❡♥♦♠❡✳ ❚❤❡② ❝❛♥ ♠♦❞✐❢② t❤❡ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ t❤❡ r❡❣✉❧❛t✐♦♥ ♦❢ t❤❡ ❣❡♥♦♠❡✱ ❛♥❞ ❜❡
✐♠♣❧✐❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t ♣❛t❤♦❧♦❣✐❝❛❧✱ ❝♦♥❣❡♥✐t❛❧ ♦r ❛❝q✉✐r❡❞ ❞✐s♦r❞❡rs✳ ❚❤❡ tr❛♥s♣♦s♦♥
❛♥❛❧②s✐s ✇✐t❤ s❡q✉❡♥❝✐♥❣ ❞❛t❛ ✐s t❤❡ ✜rst ❝❤♦✐❝❡ ♠❡t❤♦❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡✐r ❜✐♦❧♦❣②✳
▼② t❤❡s✐s ✇♦r❦ ✇❛s ❞❡❞✐❝❛t❡❞ t♦ t❤✐s q✉❡st✐♦♥ ✉s✐♥❣ r❡❛❧ ❛♥❞ s✐♠✉❧❛t❡❞ ❞❛t❛✳ ■♥ ❛ ✜rst
r❡s❡❛r❝❤ ❛①✐s✱ ✉s✐♥❣ ❛ ❝❡❧❧✉❧❛r s②st❡♠ t♦ ♠♦❞✉❧❛t❡ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ❧❡✈❡❧s✱ ✇❡ r❡✈❡❛❧❡❞
t❤❛t ❞✐✛❡r❡♥t r❡♣r❡ss✐✈❡ ❝❤r♦♠❛t✐♥ ♠♦❞✐✜❝❛t✐♦♥s ❡♥s✉r❡ t❤❡ s✐❧❡♥❝✐♥❣ ♦❢ tr❛♥s♣♦s❛❜❧❡
❡❧❡♠❡♥ts ✇❤❡♥ ❉◆❆ ♠❡t❤②❧❛t✐♦♥ ✐s ❧♦st✳ ■♥ ❛ s❡❝♦♥❞ ❛①✐s✱ ✉s✐♥❣ ❛ r❛♥❞♦♠ ♠✉t❛❣❡♥❡s✐s
str❛t❡❣②✱ ✇❡ ❞✐s❝♦✈❡r❡❞ ❛ ♥❡✇ ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡✱ s♣❡❝✐❛❧✐③❡❞ ✐♥ t❤❡ ♠❡t❤②❧❛t✐♦♥
♦❢ ②♦✉♥❣ tr❛♥s♣♦s♦♥s ❞✉r✐♥❣ s♣❡r♠❛t♦❣❡♥❡s✐s✳ ❍♦✇❡✈❡r✱ t❤❡ ❛♥❛❧②s✐s ♦❢ tr❛♥s♣♦s♦♥s
✐♥ s❡q✉❡♥❝✐♥❣ ❞❛t❛s❡ts ✐s ❛ ❜✐♦✐♥❢♦r♠❛t✐❝ ❝❤❛❧❧❡♥❣❡ ❜❡❝❛✉s❡ ♦❢ t❤❡ r❡♣❡❛t❡❞ ♥❛t✉r❡ ♦❢
tr❛♥s♣♦s❛❜❧❡ ❡❧❡♠❡♥ts✳ ❊✈❡♥t✉❛❧❧②✱ ✐♥ ❛ t❤✐r❞ ❛①✐s✱ ✉s✐♥❣ ❛ s✐♠✉❧❛t✐♦♥ str❛t❡❣② ❛♣♣❧✐❡❞ t♦
t❤❡ ♠♦✉s❡ ❛♥❞ t❤❡ ❤✉♠❛♥ ❣❡♥♦♠❡s✱ ■ s②st❡♠❛t✐❝❛❧❧② ❝♦♠♣❛r❡❞ ❞✐✛❡r❡♥t ❛❧✐❣♥♠❡♥t ❛♥❞
q✉❛♥t✐✜❝❛t✐♦♥ t♦♦❧s✳ ■ ✇❛s ❛❜❧❡ t♦ ❞r❛✇ r❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r t❤❡ ❛♥❛❧②s✐s ♦❢ tr❛♥s♣♦s♦♥s
❛♥❞ t♦ r❡✈❡❛❧ t❤❡ ❧✐♠✐ts ✐♥ ❞❡t❡❝t✐♥❣ s♣❡❝✐✜❝ tr❛♥s♣♦s♦♥s ❢❛♠✐❧✐❡s✳
✐✐✐
▲✐st❡ ❞❡s ❛❜❜ré✈✐❛t✐♦♥s
❆❉◆ ✿ ❛❝✐❞❡ ❞és♦①②r✐❜♦♥✉❝❧é✐q✉❡
❆❘◆ ✿ ❛❝✐❞❡ r✐❜♦♥✉❝❧é✐q✉❡
❈●■ ✿ î❧♦t ❈♣●
❈❤■P ✿ ✐♠♠✉♥♦♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡
❉◆▼❚ ✿ ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡
❊◆ ✿ ❡♥❞♦♥✉❝❧é❛s❡
❊◆❱ ✿ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡
❊❙❈ ✿ ❝❡❧❧✉❧❡ s♦✉❝❤❡ ❡♠❜r②♦♥♥❛✐r❡
❊❚ ✿ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡
❊❘❱ ✿ rétr♦✈✐r✉s ❡♥❞♦❣è♥❡
●❆● ✿ ❣r♦✉♣✲s♣❡❝✐✜❝ ❛♥t✐❣❡♥
■❆P ✿ ✐♥tr❛❝✐st❡r♥❛❧ ❆✲t②♣❡ ♣❛rt✐❝❧❡
■❈❘ ✿ ré❣✐♦♥ s♦✉♠✐s❡ à ❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡
✐♥❞❡❧ ✿ ✐♥s❡rt✐♦♥✴❞é❧ét✐♦♥
■◆❚ ✿ ✐♥té❣r❛s❡
▲✶ ✿ ❧♦♥❣ é❧é♠❡♥t ♥✉❝❧é❛✐r❡ ❞✐s♣❡rsé ❞❡ t②♣❡ ✶
▲■◆❊ ✿ ❧♦♥❣ é❧é♠❡♥t ♥✉❝❧é❛✐r❡ ❞✐s♣❡rsé
▲❚❘ ✿ séq✉❡♥❝❡ ❧♦♥❣✉❡ t❡r♠✐♥❛❧❡ ré♣été❡
❖❘❋ ✿ ❝❛❞r❡ ❞❡ ❧❡❝t✉r❡ ♦✉✈❡rt
▼②❛ ✿ ♠✐❧❧✐♦♥ ❞✬❛♥♥é❡s
P❊ ✿ ♣❛✐r❡❞✲❡♥❞
P●❈ ✿ ❝❡❧❧✉❧❡ ❣❡r♠✐♥❛❧❡ ♣r✐♠♦r❞✐❛❧❡
P❖▲ ✿ ♣♦❧②♣r♦té✐♥❡
❘❚ ✿ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡
❘❚❊ ✿ rétr♦tr❛♥s♣♦s♦♥
❙❊ ✿ s✐♥❣❧❡✲❡♥❞
❙■◆❊ ✿ ♣❡t✐t é❧é♠❡♥t ♥✉❝❧é❛✐r❡ ❞✐s♣❡rsé
❙◆P ✿ s✐♥❣❧❡ ♥✉❝❧❡♦t✐❞❡ ♣♦❧②♠♦r♣❤✐s♠
❙❱❆ ✿ ❙■◆❊✴❱◆❚❘✴❆❧✉
❚■❘ ✿ séq✉❡♥❝❡ ✐♥✈❡rsé❡ t❡r♠✐♥❛❧❡
❚❙❉ ✿ ❞✉♣❧✐❝❛t✐♦♥ ❛✉ s✐t❡ ❝✐❜❧❡
❯❚❘ ✿ ré❣✐♦♥ tr❛♥s❝r✐t❡ ♥♦♥ tr❛❞✉✐t❡
❲●❇❙ ✿ ❲❤♦❧❡ ❣❡♥♦♠❡ ❜✐s✉❧✜t❡ s❡q✉❡♥❝✐♥❣
✐✈
Pré❢❛❝❡
▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ séq✉❡♥❝❡s ré♣été❡s ❡t ♠♦❜✐❧❡s✱ ♦♥t ♣❡♥❞❛♥t ❞❡ ♥♦♠✲
❜r❡✉s❡s ❛♥♥é❡s été ❡①❝❧✉s ❞❡s ❛♥❛❧②s❡s ❣é♥♦♠✐q✉❡s✱ ❝♦♥s✐❞érés ❝♦♠♠❡ ✐♥✉t✐❧❡s✳ ▲✬✐♥térêt
♣♦rté à ❝❡s séq✉❡♥❝❡s ❡st ❣r❛♥❞✐ss❛♥t ❞❡♣✉✐s q✉❡❧q✉❡s ❛♥♥é❡s ❞❡ ♣❛r ❧❡s ❞✐✈❡rs ✐♠♣❛❝ts
q✉✬✐❧s ♣❡✉✈❡♥t ❛✈♦✐r s✉r ❧❡s ❣é♥♦♠❡s✳ ❯♥ ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❡st ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ♠♦❞✐✜❝❛t✐♦♥ é♣✐❣é♥ét✐q✉❡ très ✐♠♣♦rt❛♥t❡
❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠❛♠♠✐❢èr❡s✳ ▲✬éq✉✐♣❡ ❞❡ ❉r ❉é❜♦r❛❤ ❇♦✉r❝✬❤✐s ✭✧❉é✲
❝✐s✐♦♥s é♣✐❣é♥ét✐q✉❡s ❡t r❡♣r♦❞✉❝t✐♦♥ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✧✮ ♦ù ❥✬❛✐ ❡✛❡❝t✉é ♠❛ t❤ès❡✱
❛①❡ s❡s t❤é♠❛t✐q✉❡s ❞❡ r❡❝❤❡r❝❤❡ s✉r ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❡♠❜r②♦♥♥❛✐r❡✳ ▲❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st ❞♦♥❝ ✉♥ s✉❥❡t ♣❡rt✐♥❡♥t à
✐♥✈❡st✐❣✉❡r ❞❛♥s ❝❡ ❝❛❞r❡ ❞❡ r❡❝❤❡r❝❤❡✳
P❡♥❞❛♥t ♠❛ t❤ès❡✱ ❥✬❛✐ ❡✉ ❧✬♦♣♣♦rt✉♥✐té ❞❡ tr❛✈❛✐❧❧❡r s✉r ❞❡✉① ❛①❡s ❞❡ r❡❝❤❡r❝❤❡ ❧✐és
à ❧❛ ❜✐♦❧♦❣✐❡ ❞❡s tr❛♥s♣♦s♦♥s✱ s✉r ❧❡ ♠♦❞è❧❡ ♠✉r✐♥✿ ✶✮ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s✲
♣♦s❛❜❧❡s ❡♥ ❛❜s❡♥❝❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ✷✮ ❝✐❜❧❛❣❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s ♠â❧❡s✳
❊♥ t❛♥t q✉❡ ❜✐♦✐♥❢♦r♠❛t✐❝✐❡♥♥❡✱ ❥✬❛✐ ❛♣♣ré❤❡♥❞é ❧❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ♠✐s ❡♥ ♣❧❛❝❡
♣♦✉r ♣r♦té❣❡r ❧❡ ❣é♥♦♠❡✱ à ❧✬❛✐❞❡ ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ❣é♥éré❡s ❞❛♥s
❧❡ ❧❛❜♦r❛t♦✐r❡✳ ❈❡s ❞❡✉① ♣r♦❥❡ts ❛❧❧✐❛♥t ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ❡t ét✉❞❡ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ♠✬♦♥t ♣❡r♠✐s ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s ❞✐✣❝✉❧tés ❡t ❧❡s ❞é✜s q✉❡ ♣♦s❡ ❧✬❛♥❛❧②s❡
❞❡s séq✉❡♥❝❡s ré♣été❡s✳ ❉❛♥s ✉♥ tr♦✐s✐è♠❡ t❡♠♣s✱ ♣❧✉s ♠ét❤♦❞♦❧♦❣✐q✉❡ ❡t ❜❛sé s✉r ❞❡s
❞♦♥♥é❡s s✐♠✉❧é❡s✱ ❥✬❛✐ ❝♦♠♣❛ré ❧❡s ❞✐✛ér❡♥ts ♦✉t✐❧s ❞✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❞✐s♣♦♥✐❜❧❡s✱ ❛✜♥ ❞❡ ❞é❣❛❣❡r ❧❛ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❧❛ ♣❧✉s ❛❞éq✉❛t❡ ❡t t❡st❡r ❧❡s ❧✐♠✐t❡s
❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❝❡rt❛✐♥❡s ❝❧❛ss❡s ❞❡ tr❛♥s♣♦s♦♥s ❞❛♥s ❧❡s ❣é♥♦♠❡s ♠✉r✐♥ ❡t ❤✉♠❛✐♥✳
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✹✳✷ ❖✉t✐❧s ❡t ❜♦♥♥❡s ♣r❛t✐q✉❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s rétr♦tr❛♥s♣♦s♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼
✺ ❉✐s❝✉ss✐♦♥ ❡t ♣❡rs♣❡❝t✐✈❡s ✶✻✸
❘é❢ér❡♥❝❡s ✶✼✽
❆♥♥❡①❡s ✶✽✼
✈✐✐
✶■♥tr♦❞✉❝t✐♦♥
✶✳✶ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
✶✳✶✳✶ P♦✐♥t ❞❡ ✈✉❡ ❤✐st♦r✐q✉❡
▲❡s ♣r❡♠✐❡rs tr❛✈❛✉① ❞❡ ❧❛ ❣é♥ét✐q✉❡ ♠♦❞❡r♥❡ ❝♦♠♠❡♥❝❡♥t à ❧❛ ✜♥ ❞✉ ✶✾è♠❡ s✐è❝❧❡
❛✈❡❝ ❏♦❤❛♥♥ ●r❡❣♦r ▼❡♥❞❡❧✳ ■❧ ét✉❞✐❡ ❝♦♠♠❡ ♠♦❞è❧❡ ❧❡ ♣♦✐s q✉✬✐❧ ❝✉❧t✐✈❡ ❛✜♥ ❞✬♦❜s❡r✈❡r
❞❡s ❞✐✛ér❡♥❝❡s ✈✐s✐❜❧❡s à ❧✬♦❡✐❧ ♠❛❝r♦s❝♦♣✐q✉❡ ❡t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ér✐t❛❜❧❡s✳ ❉❛♥s ❧❡s
❛♥♥é❡s ✶✾✶✵✱ ❚❤♦♠❛s ❍✉♥t ▼♦r❣❛♥ ♣r♦✉✈❡ q✉❡ ❧❡s ❝❤r♦♠♦s♦♠❡s s♦♥t ❧❡ s✉♣♣♦rt ❞❡
❧✬✐♥❢♦r♠❛t✐♦♥ ❣é♥ét✐q✉❡ ❡t ♣✉❜❧✐❡ ❧❛ ♣r❡♠✐èr❡ ❝❛rt❡ ❣é♥ét✐q✉❡ ❝❤❡③ ❧❛ ❞r♦s♦♣❤✐❧❡ ♦ù ❧✬♦♥
♣❡✉t ♦❜s❡r✈❡r ❧❡s ❣è♥❡s ❧❡ ❧♦♥❣ ❞❡s ❝❤r♦♠♦s♦♠❡s ✭▼♦r❣❛♥✱ ✶✾✶✵✮✳ ❯♥ ❛✉tr❡ ♠♦❞è❧❡
✉t✐❧✐sé à ❝❡tt❡ é♣♦q✉❡ ❡st ❧❡ ♠❛ïs ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t s❡s ❣r❛✐♥s q✉✐ ♣❡✉✈❡♥t êtr❡
❞❡ ❞✐✛ér❡♥t❡s ❝♦✉❧❡✉rs✳ ❈❡tt❡ ♠♦s❛ïq✉❡ ❞❡ ❝♦✉❧❡✉rs ✈❛ ✐♥tér❡ss❡r ❧❡ ❜✐♦❧♦❣✐st❡ ❘♦❧❧✐♥s
❆❞❛♠s ❊♠❡rs♦♥✳ ■❧ ✈❛ ✐♥t❡r♣rét❡r ❝❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝♦✉❧❡✉r ❝♦♠♠❡ ét❛♥t ❞✉❡s à ✉♥❡
✧♠✉t❛t✐♦♥ ✐♥st❛❜❧❡✧ ✭❊♠❡rs♦♥✱ ✶✾✶✹✮✳ ❙❡❧♦♥ s♦♥ ♠♦❞è❧❡✱ ❧❛ ✈❛r✐❛❜❧❡ ❝♦✉❧❡✉r ❙ ✭♣❛r
❡①❡♠♣❧❡ ❣r❛✐♥ ❞❡ ❝♦✉❧❡✉r r♦✉❣❡✮ ❡st s♦✉s ❧❡ ❝♦♥trô❧❡ ❞✬✉♥ ❢❛❝t❡✉r ❱ ♠❛✐s ❝❡ ❝♦♥trô❧❡ ❞❡
❱ s✉r ❙ ❡st ré✈❡rs✐❜❧❡✳ ▼❛✐s ✐❧ ♥❡ ♣♦✉rr❛ ♣❛s ❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❡t ❝♦♠♠❡♥t s❡ ♣❛ss❡
❝❡ ❝♦♥trô❧❡✳ ❊♥ ❡✛❡t✱ à ❝❡tt❡ é♣♦q✉❡✱ ❧❡ ❞♦❣♠❡ ❡st q✉❡ ❧❡s ❣è♥❡s s♦♥t ✜①❡s ❡t st❛❜❧❡s✳
❈❡tt❡ ✈✐s✐♦♥ st❛t✐q✉❡ ✈❛ êtr❡ r❡♠✐s❡ ❡♥ ❝❛✉s❡ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✹✵ ♣❛r ❧❛ ❝②t♦❣é♥ét✐✲
❝✐❡♥♥❡ ❇❛r❜❛r❛ ▼❝❈❧✐♥t♦❝❦ q✉✐ tr❛✈❛✐❧❧❡ ❛✉ss✐ s✉r ❧❡ ♠❛ïs✳ ❊❧❧❡ ✉t✐❧✐s❡ ❧❡s r❛②♦♥s ❳ ♣♦✉r
✐♥❞✉✐r❡ ❞❡s ♠✉t❛t✐♦♥s ❡t ✈✐s✉❛❧✐s❡r ❧❡s ❝❛ss✉r❡s ❞❡s ❝❤r♦♠♦s♦♠❡s✳ P❛r♠✐ ❧✬❡♥s❡♠❜❧❡ ❞❡s
♣❧❛♥ts ❞❡ ♠❛ïs ♠✉tés q✉✬❡❧❧❡ ❛ ❣é♥érés✱ ❡❧❧❡ ♦❜s❡r✈❡ q✉❡ ❝❡rt❛✐♥s ❞✬❡♥tr❡ ❡✉① s✉❜✐ss❡♥t ❞❡s
❝❤❛♥❣❡♠❡♥ts ❞❡ ❝♦✉❧❡✉rs s♣♦♥t❛♥és s❛♥s ✐rr❛❞✐❛t✐♦♥✳ ❊❧❧❡ ♦❜s❡r✈❡ ❛✉ss✐ q✉❡ ❧❡s ❝❛ss✉r❡s
❛✉ ♥✐✈❡❛✉ ❞❡s ❝❤r♦♠♦s♦♠❡s ♦♥t ❢réq✉❡♠♠❡♥t ❧✐❡✉ à ✉♥ ❧♦❝✉s s♣é❝✐✜q✉❡ s✉r ❧❡ ❜r❛s ❝♦✉rt
✶
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
Ac Ds C
B
Ac Ds C
Ac
Ac Ds
Ds C
❋✐❣✉r❡ ✶✳✶✿ ❊✛❡t ❞❡ ❧❛ tr❛♥s♣♦s✐t✐♦♥ s✉r ❧❛ ❝♦✉❧❡✉r ❞❡s ❣r❛✐♥s ❞❡ ♠❛ïs✳ ❆✳ ▲❡
❣è♥❡ ❈ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❝♦✉❧❡✉r ✈✐♦❧❡tt❡ ❞❡s ❣r❛✐♥s ❞❡ ♠❛ïs ❡st ❡①♣r✐♠é à ❧✬ét❛t s❛✉✈❛❣❡✳
❇✳ ▲✬é❧é♠❡♥t ❆❝ ✐♥❞✉✐t ❧❛ tr❛♥s♣♦s✐t✐♦♥ ❞❡ ❉s ❞❛♥s ❧❡ ❣è♥❡ ❈ q✉✐ ❡st ❞♦♥❝ ♠✉té ❡t ❞♦♥♥❡
❧✐❡✉ à ❞❡s ❣r❛✐♥s ❥❛✉♥❡s✳
❞✉ ❝❤r♦♠♦s♦♠❡ ✾✳ P♦✉r ❡❧❧❡✱ ❧❡ ❣è♥❡ ❈✱ ❧♦❝❛❧✐sé à ❝❡ ❧♦❝✉s ❡t r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❝♦✉❧❡✉r
❞❡s ❣r❛✐♥s ❡st ✐♥❛❝t✐✈é ❞❡ ❢❛ç♦♥ t❡♠♣♦r❛✐r❡ ♦✉ ré✈❡rs✐❜❧❡✳ ❈❡tt❡ ✐♥❛❝t✐✈❛t✐♦♥ rés✉❧t❡r❛✐t
❞❡ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥ ❢❛❝t❡✉r ❉s ✭❉✐ss♦❝✐❛t♦r✮ ❞♦♥t ❧❛ ♠♦❜✐❧✐s❛t✐♦♥ s❡r❛✐t ❝♦♥trô❧é❡ ♣❛r ✉♥
❛✉tr❡ ❢❛❝t❡✉r q✉✬❡❧❧❡ ❛♣♣❡❧❧❡ ❆❝ ✭❆❝t✐✈❛t♦r✮ q✉✐ ♣❡✉t ❛✉ss✐ ✐♥❞✉✐r❡ s❛ ♣r♦♣r❡ tr❛♥s♣♦✲
s✐t✐♦♥✳ ▲✬é❧é♠❡♥t ❆❝ ❡st ❛✐♥s✐ ❛✉t♦♥♦♠❡ ❛❧♦rs q✉❡ ❧✬é❧é♠❡♥t ❉s ❡st ♥♦♥ ❛✉t♦♥♦♠❡ ❡t
❞é♣❡♥❞ ❞❡ ❆❝ ♣♦✉r ❝❤❛♥❣❡r ❞❡ ❧♦❝❛❧✐s❛t✐♦♥✳ ❊❧❧❡ ❛♣♣❡❧❧❡ ❝❡s é❧é♠❡♥ts ❞❡s é❧é♠❡♥ts ❞❡
❝♦♥trô❧❡ ✭❋✐❣✉r❡ ✶✳✶✱ ▼❝❈❧✐♥t♦❝❦ ✭✶✾✺✵✮✮✳ ▲❡ ❢❛❝t❡✉r ❱ ❞é✜♥✐ ♣❛r ❊♠❡rs♦♥ ét❛✐t ❡♥ ❢❛✐t
❧✬é❧é♠❡♥t ❆❝ ❞❡ ▼❝❈❧✐♥t♦❝❦✳ ❇❛r❜❛r❛ ▼❝❈❧✐♥t♦❝❦ ♣✉❜❧✐❛ s❡s tr❛✈❛✉① ❡♥ ✶✾✺✵ ♠❛✐s ✐❧s
♥❡ s❡r♦♥t ♥✐ ❝♦♠♣r✐s✱ ♥✐ r❡❝♦♥♥✉s ♣❛r ❧❛ ❝♦♠♠✉♥❛✉té s❝✐❡♥t✐✜q✉❡ ❞❡ ❧✬é♣♦q✉❡✳ ❊♥ ✶✾✽✸✱
◆✐♥❛ ❋❡❞♦r♦✛ s❡r❛ ❧❛ ♣r❡♠✐èr❡ à ❝❛r❛❝tér✐s❡r ♠♦❧é❝✉❧❛✐r❡♠❡♥t ❧❡s é❧é♠❡♥ts ❆❝ ❡t ❉s
✭❋❡❞♦r♦✛ ❡t ❛❧✳✱ ✶✾✽✸✮✳ ▲❛ ♠ê♠❡ ❛♥♥é❡✱ ❇❛r❜❛r❛ ▼❝❈❧✐♥t♦❝❦ r❡❝❡✈r❛ ❧❡ ♣r✐① ❞❡ ◆♦❜❡❧
❞❡ ♠é❞❡❝✐♥❡ ♣♦✉r s❛ ❞é❝♦✉✈❡rt❡ s✉r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳
❊♥ ✶✾✻✾✱ ❏❛♠❡s ❆❧❛♥ ❙❤❛♣✐r♦ ❞é❝♦✉✈r❡ ❞❡s é❧é♠❡♥ts ♠♦❜✐❧❡s ❛♣♣❡❧és séq✉❡♥❝❡s
❞✬✐♥s❡rt✐♦♥s ❝❤❡③ ❧❡s ❜❛❝tér✐❡s✳ ■❧ tr❛✈❛✐❧❧❡ s✉r ❧✬♦♣ér♦♥ ❣❛❧❛❝t♦s❡ ❞✬❊s❝❤❡r✐❝❤✐❛ ❝♦❧✐
✷
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
✭❙❤❛♣✐r♦✱ ✶✾✻✾✮✳ ◗✉❛♥❞ ❝❡t ♦♣ér♦♥ ❡st ♠✉té✱ ❧❡s ❜❛❝tér✐❡s s♦♥t rés✐st❛♥t❡s ❛✉ ❣❛❧❛❝✲
t♦s❡✳ ■❧ ♣r♦✉✈❡ q✉❡ ❧❛ ♠✉t❛t✐♦♥ ❡st ❡♥ ❢❛✐t ✉♥❡ ✐♥s❡rt✐♦♥ ❧✐♥é❛✐r❡ ❞✬✉♥ ❢r❛❣♠❡♥t ❞✬❆❉◆✳
❈❡♣❡♥❞❛♥t✱ ♣♦✉r ❧❛ ❝♦♠♠✉♥❛✉té s❝✐❡♥t✐✜q✉❡✱ ❧❡s tr❛✈❛✉① ❞❡ ❇❛r❜❛r❛ ▼❝❈❧✐♥t♦❝❦ ❡t
❏❛♠❡s ❆❧❛♥ ❙❤❛♣✐r♦ ♥❡ s❡ ❝♦♥❝❡♥tr❡♥t q✉❡ s✉r ✉♥ s❡✉❧ ❡t ♠ê♠❡ ❧♦❝✉s✱ ❛✈❡❝ t♦✉❥♦✉rs
❧❛ ♠ê♠❡ ✐♥s❡rt✐♦♥✱ ❡t s❡r❛✐❡♥t ❞♦♥❝ ❞❡s é✈è♥❡♠❡♥ts ❛♥❡❝❞♦t✐q✉❡s✳ ■❧ ❢❛✉❞r❛ ❛tt❡♥❞r❡
❧❛ ✜♥ ❞❡s ❛♥♥é❡s ✶✾✼✵ ♣♦✉r q✉❡ ❧❡ ♣r✐♥❝✐♣❡ ❞✬é❧é♠❡♥t ♠♦❜✐❧❡ s♦✐t ❛❝❝❡♣té✱ ❣râ❝❡ à ❞❡s
tr❛✈❛✉① ❞❡ ❝r♦✐s❡♠❡♥ts ❡♥tr❡ ❞✐✛ér❡♥t❡s s♦✉❝❤❡s ❞❡ ❞r♦s♦♣❤✐❧❡✳ ◗✉❛♥❞ ✉♥❡ ❞r♦s♦♣❤✐❧❡
♠â❧❡ ❞❡ s♦✉❝❤❡ P ❡st ❝r♦✐sé❡ ❛✈❡❝ ✉♥❡ ❢❡♠❡❧❧❡ ❞❡ s♦✉❝❤❡ ▼✱ ❧❛ ❞❡s❝❡♥❞❛♥❝❡ s❡ ❝❛r❛❝✲
tér✐s❡ ♣❛r ❞✐✛ér❡♥t❡s ❛♥♦♠❛❧✐❡s✱ ✐♥❝❧✉❛♥t ✉♥❡ stér✐❧✐té✱ ❞❡s ♠✉t❛t✐♦♥s ❡t ❞❡s ❛❜❡rr❛t✐♦♥s
❝❤r♦♠♦s♦♠✐q✉❡s✳ ❈❡ ♣❤é♥♦♠è♥❡✱ ❛♣♣❡❧é ❞②s❣é♥és✐❡ ❞❡s ❤②❜r✐❞❡s ✭❑✐❞✇❡❧❧ ❡t ❛❧✳✱ ✶✾✼✼✮✱
❡st ❞û à ✉♥❡ ❝❛ss✉r❡ ❝❤r♦♠♦s♦♠✐q✉❡ ❝❛✉sé❡ ♣❛r ✉♥ é❧é♠❡♥t ♠♦❜✐❧❡ ❛❝t✐❢ ❞❛♥s ❧❛ ❧✐❣♥é❡
❣❡r♠✐♥❛❧❡ ♠â❧❡✳ ❉❛♥s ❧❡ ❝❛s ✐♥✈❡rs❡ ✭❢❡♠❡❧❧❡ ❞❡ s♦✉❝❤❡ P ❡t ♠â❧❡ ❞❡ s♦✉❝❤❡ ▼ ✮✱ ❧❡s
❞r♦s♦♣❤✐❧❡s ♦♥t ✉♥ ♣❤é♥♦t②♣❡ s❛✉✈❛❣❡✳
❈❡tt❡ ❞é❝♦✉✈❡rt❡ ❛✉r❛ ❞✬❛✉t❛♥t ♣❧✉s ❞❡ ♣♦✐❞s ❛✈❡❝ ❧❛ ré❛❧✐s❛t✐♦♥ q✉❡ ❧✬é❧é♠❡♥t P
❛ ❡♥✈❛❤✐ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❝♦❧♦♥✐❡s ❞❡ ❞r♦s♦♣❤✐❧❡ ❡♥ ♠♦✐♥s ❞❡ ✺✵ ❛♥s✳ ❈❡s é❧é✲
♠❡♥ts ♠♦❜✐❧❡s s❡r♦♥t ❛❧♦rs q✉❛❧✐✜és ❞✬é❣♦ïst❡s✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❡♥ ✶✾✼✷✱ ❙✉s✉♠♦ ❖❤♥♦
❞é✈❡❧♦♣♣❡ ❧❡ ❝♦♥❝❡♣t ❞✬❆❉◆ ♣♦✉❜❡❧❧❡ ♣♦✉r ❞é❝r✐r❡ ❧❡ ❢❛✐t q✉❡ ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ❡st ❝♦♥✲
st✐t✉é ❡♥ ♠❛❥♦r✐té ❞❡ séq✉❡♥❝❡s q✉✐ ♥✬♦♥t ♣❛s ❞✬✐♠♣❛❝t ♣♦s✐t✐❢ s✉r ❧❡ ❣é♥♦♠❡✱ ❡t s❡✉❧❡✲
♠❡♥t ❞❡ ✻✪ ❞❡ ❣è♥❡s s❡❧♦♥ s❡s ❡st✐♠❛t✐♦♥s ✭❖❤♥♦✱ ✶✾✼✷✮✳ ▲❡ ❝♦♥❝❡♣t ❞✬❆❉◆ ♣♦✉❜❡❧❧❡
❡st ❛❧♦rs ✉t✐❧✐sé ♣♦✉r ❡①♣❧✐q✉❡r ❧❡ ♣❛r❛❞♦①❡ ❞❡ ❧❛ ✈❛❧❡✉r ❈ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ t❛✐❧❧❡ ❞✬✉♥
❣é♥♦♠❡✱ ❡①♣r✐♠é❡ ❡♥ ♥♦♠❜r❡ ❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡s✳ ❈❡tt❡ ✈❛❧❡✉r ✈❛r✐❡ é♥♦r♠é♠❡♥t ❛✉
s❡✐♥ ❞❡s ❡s♣è❝❡s ❡✉❝❛r②♦t❡s✱ ♣❛r ❡①❡♠♣❧❡ ✼✵✵✵ ❢♦✐s ♣❛r♠✐ ❧❡s ❛♥✐♠❛✉① ♠ét❛③♦❛✐r❡s s❛♥s
q✉✬❡❧❧❡ s♦✐t ♣♦✉rt❛♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ❡s♣è❝❡s ❡t ❛✉ ♥♦♠❜r❡ ❞❡ ❣è♥❡s✳
❉❡s ❡s♣è❝❡s ♣r♦❝❤❡s ❛✈❡❝ ❞❡s ♣r♦♣r✐étés ❜✐♦❧♦❣✐q✉❡s s✐♠✐❧❛✐r❡s ♣❡✉✈❡♥t ❛✐♥s✐ ❛✈♦✐r ✉♥❡
t❛✐❧❧❡ ❞❡ ❣é♥♦♠❡ très ✈❛r✐❛❜❧❡✳ ▲❛ ♣♦rt✐♦♥ ✈❛r✐❛❜❧❡ ❡♥ séq✉❡♥❝❡s ré♣été❡s ♥♦♥ ❣é♥✐q✉❡s
❡①♣❧✐q✉❡ ❧❡ ♣❛r❛❞♦①❡ ❞❡ ❧❛ ✈❛❧❡✉r ❈ ♠❛✐s ❧✬✐❞é❡ q✉❡ ❝❡s é❧é♠❡♥ts ♣♦✉rr❛✐❡♥t ❛✈♦✐r ✉♥❡
❢♦♥❝t✐♦♥ ❛ ❧♦♥❣t❡♠♣s été r❡❥❡té❡✳ ❈❡♣❡♥❞❛♥t✱ à ❧❛ ✜♥ ❞❡s ❛♥♥é❡s ✶✾✼✵✱ ♣❧✉s✐❡✉rs ét✉❞❡s
❝♦♠♠❡♥❝❡♥t à r❛♣♣♦rt❡r ❧✬✐♠♣❛❝t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ♣♦s✐t✐❢ q✉❡ ♣❡✉✈❡♥t ❛✈♦✐r ❧❡s é❧é♠❡♥ts
♠♦❜✐❧❡s ✭▼❝❉♦♥❛❧❞✱ ✶✾✾✸✮✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧❡s é❧é♠❡♥ts ♠♦❜✐❧❡s s♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡
❞❡s ❛❝t❡✉rs ✐♠♣♦rt❛♥ts ♣♦✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣é♥♦♠❡s✳
✸
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
✶✳✶✳✷ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
▲✬é❧é♠❡♥t ❆❝ ❞é❝r✐t ♣❛r ▼❝❈❧✐♥t♦❝❦ ❡t ❧✬é❧é♠❡♥t P ❞é✜♥✐ ❝❤❡③ ❧❛ ❞r♦s♦♣❤✐❧❡ tr❛♥s✲
♣♦s❡♥t ❣râ❝❡ à ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ t②♣❡ ❆❉◆✳ ❈❡s é❧é♠❡♥ts ♦♥t été ✐♥✐t✐❛❧❡♠❡♥t ❛♣♣❡❧és
tr❛♥s♣♦s♦♥s ♦✉ é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭❊❚✮✳ ❈❡ t❡r♠❡ ❡st ❛✉❥♦✉r❞✬❤✉✐ ✉t✐❧✐sé ♣♦✉r t♦✉s
❧❡s t②♣❡s ❞✬é❧é♠❡♥ts ♠♦❜✐❧❡s✳ ❊♥ ✶✾✽✾✱ ❋✐♥♥❡❣❛♥ ✭✶✾✽✾✮ ♣r♦♣♦s❡ ✉♥❡ ♥♦♠❡♥❝❧❛t✉r❡ ♣♦✉r
❧❡s ❊❚ q✉✐ ❛ été ♣❧✉s ré❝❡♠♠❡♥t ♠✐s❡ à ❥♦✉r ♣❛r ❲✐❝❦❡r ❡t ❛❧✳ ✭✷✵✵✼✮✳ ❆✐♥s✐✱ ❧❛ ❝❧❛ss❡ ■
❝♦♠♣r❡♥❞ ❧❡s é❧é♠❡♥ts q✉✐ ✉t✐❧✐s❡♥t ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ t②♣❡ ❆❘◆✳ ❈❡s é❧é♠❡♥ts s♦♥t
❛♣♣❡❧és rétr♦tr❛♥s♣♦s♦♥s✳ ■❧s ✉t✐❧✐s❡♥t ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ t②♣❡ ✧❝♦♣✐❡r✲❝♦❧❧❡r✧ ♣♦✉r tr❛♥s✲
♣♦s❡r✳ ❉❛♥s ❧❛ ❝❧❛ss❡ ■■✱ ❧❡s é❧é♠❡♥ts ✉t✐❧✐s❡♥t ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ t②♣❡ ❆❉◆ ❝♦♠♠❡ ❧❡s
é❧é♠❡♥ts ❆❝ ❡t P✳ ■❧s s♦♥t ❛♣♣❡❧és tr❛♥s♣♦s♦♥s à ❆❉◆ ❡t tr❛♥s♣♦s❡♥t ✈✐❛ ✉♥ ♠é❝❛♥✐s♠❡
❞✐t ❞❡ ✧❝♦✉♣❡r✲❝♦❧❧❡r✧✳
✶✳✶✳✷✳✶ ❚r❛♥s♣♦s♦♥s à ❆❉◆
▲❡s tr❛♥s♣♦s♦♥s à ❆❉◆ ❝♦♥t✐❡♥♥❡♥t ❞❡✉① s♦✉s✲❝❧❛ss❡s q✉✐ ❞✐✛èr❡♥t s❡❧♦♥ ❧❡ ♥♦♠❜r❡
❞❡ ❜r✐♥s ❞✬❆❉◆ ❝♦✉♣és ❧♦rs ❞❡ ❧❛ tr❛♥s♣♦s✐t✐♦♥ ✭❲✐❝❦❡r ❡t ❛❧✳✱ ✷✵✵✼✮✳ ▲❛ ♣r❡♠✐èr❡
s♦✉s✲❝❧❛ss❡ ✉t✐❧✐s❡ ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ à ❆❉◆ ❞♦✉❜❧❡ ❜r✐♥✳ ▲❛ séq✉❡♥❝❡ ❞❡ ❝❡s é❧é♠❡♥ts
❝♦❞❡ ♣♦✉r ✉♥❡ tr❛♥s♣♦s❛s❡ ❡♥❝❛❞ré❡ ♣❛r ❞❡✉① séq✉❡♥❝❡s ✐❞❡♥t✐q✉❡s ❡t ♦r✐❡♥té❡s ❡♥ s❡♥s
✐♥✈❡rs❡✱ ❛♣♣❡❧é❡s ❚■❘ ♣♦✉r ❚❡r♠✐♥❛❧ ■♥✈❡rt❡❞ ❘❡♣❡❛ts ✭❋✐❣✉r❡ ✶✳✷✮✳ ▲❛ tr❛♥s❝r✐♣t✐♦♥ ❞❡s
é❧é♠❡♥ts ❛✉t♦♥♦♠❡s s❡ ❢❛✐t à ♣❛rt✐r ❞❡s é❧é♠❡♥ts ❚■❘✳ ▲❛ tr❛❞✉❝t✐♦♥ ❞❡ ❧✬❆❘◆ ♣r♦❞✉✐t
❧❛ ♣r♦té✐♥❡ tr❛♥s♣♦s❛s❡ q✉✐ r❡❝♦♥♥❛ît ❧❡s é❧é♠❡♥ts ❚■❘ ❡t ❝♦✉♣❡ ❧❡s ❞❡✉① ❜r✐♥s ❞✬❆❉◆
❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❧✬é❧é♠❡♥t✳ ▲♦rs ❞❡ ❧❛ ♠♦❜✐❧✐s❛t✐♦♥✱ ❧✬❆❉◆ ❞✉ s✐t❡ ❞♦♥♥❡✉r ❡st
ré♣❛ré ❡t ❧❡ tr❛♥s♣♦s♦♥ ❡st ✐♥séré à ❞✐st❛♥❝❡✱ ❞❛♥s ✉♥ s✐t❡ ❝✐❜❧❡✳ ▲♦rs ❞❡ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥
é❧é♠❡♥t✱ ✉♥ ♠♦t✐❢ ❡st ❞✉♣❧✐q✉é ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡✱ ❡t ♣♦rt❡ ❧❡ ♥♦♠ ❞❡ ❚❙❉ ♣♦✉r ❚❛r❣❡t
❙✐t❡ ❉✉♣❧✐❝❛t✐♦♥✳ ▲❡s tr❛♥s♣♦s♦♥s à ❆❉◆ ❞♦✉❜❧❡ ❜r✐♥ s♦♥t ❝❧❛ssés s❡❧♦♥ ❧❛ séq✉❡♥❝❡ ❞❡
❧✬é❧é♠❡♥t ❚■❘ ❡t ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ séq✉❡♥❝❡ ❚❙❉✳ ▲❡s é❧é♠❡♥ts ❞❡ ❧❛ s✉♣❡r❢❛♠✐❧❧❡ ❤❆❚ ♦♥t
♣❛r ❡①❡♠♣❧❡ ❞❡s séq✉❡♥❝❡s ❚❙❉ ❞❡ ✽ ❜♣ ❡t ❞❡s séq✉❡♥❝❡s ❚■❘ ❞❡ ✶✺✲✶✻ ❜♣✳
▲❛ ❞❡✉①✐è♠❡ s♦✉s✲❝❧❛ss❡ ❞❡ tr❛♥s♣♦s♦♥s à ❆❉◆ ✉t✐❧✐s❡ ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ à ❆❉◆ s✐♠✲
♣❧❡ ❜r✐♥ ♣♦✉r s❡ ré♣❧✐q✉❡r✳ ❉❛♥s ❝❡tt❡ s♦✉s✲❝❧❛ss❡✱ ♥♦✉s ♣♦✉✈♦♥s r❡tr♦✉✈❡r ❧❡s é❧é♠❡♥ts
❞❡ t②♣❡ ❍❡❧✐tr♦♥ ❡t ▼❛✈❡r✐❝❦✳ ▲❡s é❧é♠❡♥ts ❞❡ t②♣❡ ▼❛✈❡r✐❝❦ s♦♥t ❧♦♥❣s✱ ❡♥tr❡ ✶✵ ❡t
✷✵ ❦❜ ❡t s♦♥t ❡♥❝❛❞rés ♣❛r ❞❡s ❚■❘✳ ■❧s ❝♦❞❡♥t ❥✉sq✉✬à ✶✶ ♣r♦té✐♥❡s ❞✐✛ér❡♥t❡s ♠❛✐s ♥❡
❝♦♥t✐❡♥♥❡♥t ♣❛s ❞❡ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡✳
✹
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
B
Transposase
TIR TIR
1. Fixation des transposases
2. Excision du transposon 
3. Insertion dans un site cible 
et réparation du site donneur 
Site donneur
Site cible
Type Mariner (1.2Kb)
Transposase
❋✐❣✉r❡ ✶✳✷✿ ❈❧❛ss❡ ■■ ✿ ❚r❛♥s♣♦s♦♥ ❛✈❡❝ ✐♥t❡r♠é❞✐❛✐r❡ à ❆❉◆ ❞♦✉❜❧❡ ❜r✐♥✳ ❆✳
▲❡s tr❛♥s♣♦s♦♥s à ❆❉◆ s♦♥t ❝♦♠♣♦sés ❞✬✉♥❡ tr❛♥s♣♦s❛s❡ ❡♥❝❛❞ré❡ ❞❡ séq✉❡♥❝❡s ré♣été❡s
✐♥✈❡rsé❡s ✭❚■❘✮✳ ❇✳ ❉❡✉① tr❛♥s♣♦s❛s❡s s❡ ✜①❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s ❚■❘ ❡t ❝♦✉♣❡♥t ❧✬❆❉◆✳ ▲❡
tr❛♥s♣♦s♦♥ ❡st ❛❧♦rs ❡①❝✐sé ❞✉ s✐t❡ ❞♦♥♥❡✉r q✉✐ ✈❛ ❡♥s✉✐t❡ êtr❡ ré♣❛ré✳ ▲❡ tr❛♥s♣♦s♦♥ ❡st
✐♥séré ❞❛♥s ✉♥ s✐t❡ ❝✐❜❧❡✳ ✭✐♥s♣✐ré ❞❡ ▼✉♥♦③✲▲♦♣❡③ ❛♥❞ ●❛r❝✐❛✲P❡r❡③ ✭✷✵✶✵✮✮
P♦✉r ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❞ét❛✐❧❧é❡ s✉r ❧❡s tr❛♥s♣♦s♦♥s à ❆❉◆✱ s❡ ré❢ér❡r à
❋❡s❝❤♦tt❡ ❛♥❞ Pr✐t❤❛♠ ✭✷✵✵✼✮✳
✶✳✶✳✷✳✷ ❘étr♦tr❛♥s♣♦s♦♥s
▲❡s rétr♦tr❛♥s♣♦s♦♥s ✉t✐❧✐s❡♥t ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ à ❆❘◆ ♣♦✉r tr❛♥s♣♦s❡r✳ ■❧s ♣❡✉✲
✈❡♥t êtr❡ ❝❧❛ssés ❡♥ ✺ ❣r♦✉♣❡s ✿ ❧❡s é❧é♠❡♥ts à séq✉❡♥❝❡s ❧♦♥❣✉❡s t❡r♠✐♥❛❧❡s ré♣été❡s
✭▲❚❘ ♣♦✉r ▲♦♥❣ ❚❡r♠✐♥❛❧ ❘❡♣❡❛t✮✱ ❧❡s é❧é♠❡♥ts ❉■❘❙ ✭♣♦✉r ❉✐❝t②♦st❡❧✐✉♠ ✐♥t❡r♠❡❞✐❛t❡
✺
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
r❡♣❡❛t s❡q✉❡♥❝❡✮✱ ❧❡s é❧é♠❡♥ts P▲❊ ✭♣♦✉r P❡♥❡❧♦♣❡✲❧✐❦❡ ❡❧❡♠❡♥t✮✱ ❧❡s ❧♦♥❣s é❧é♠❡♥ts ♥✉✲
❝❧é❛✐r❡s ❞✐s♣❡rsés ✭▲■◆❊ ♣♦✉r ▲♦♥❣ ■♥t❡rs♣❡rs❡❞ ◆✉❝❧❡❛r ❊❧❡♠❡♥t✮ ❡t ❧❡s ♣❡t✐ts é❧é♠❡♥ts
♥✉❝❧é❛✐r❡s ❞✐s♣❡rsés ✭❙■◆❊ ♣♦✉r ❙❤♦rt ■♥t❡rs♣❡rs❡❞ ◆✉❝❧❡❛r ❊❧❡♠❡♥ts✮ ✭❲✐❝❦❡r ❡t ❛❧✳✱
✷✵✵✼✮✳ ▲❡s é❧é♠❡♥ts ❉■❘❙ ❡t P▲❊ s♦♥t ❛❜s❡♥ts ❞❡s ❣é♥♦♠❡s ❞❡s ♠❛♠♠✐❢èr❡s ❡t ♥✬♦♥t
❞♦♥❝ ♣❛s été ét✉❞✐és ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳ P❧✉s ❝♦♠♠✉♥é♠❡♥t✱ ❧❡s rétr♦tr❛♥s✲
♣♦s♦♥s s♦♥t sé♣❛rés ❡♥ ❞❡✉① ❣r❛♥❞❡s ❝❛té❣♦r✐❡s ✿ ❧❡s é❧é♠❡♥ts à ▲❚❘ ❡t ❝❡✉① ❞é♣♦✉r✈✉s
❞❡ ▲❚❘✱ à s❛✈♦✐r ❧❡s ▲■◆❊ ❡t ❧❡s ❙■◆❊✳
▲❡s é❧é♠❡♥ts ▲■◆❊
▲❡s rétr♦tr❛♥s♣♦s♦♥s ❞❡ t②♣❡ ▲■◆❊ s♦♥t ❞❡s é❧é♠❡♥ts ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛✉t♦♥♦♠❡s
❛②❛♥t t♦✉s ❧❡s ❞♦♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s ♣♦✉r rétr♦tr❛♥s♣♦s❡r✳ ▲❡s ❝♦♣✐❡s ✐♥tè❣r❡s ♠❡s✉r❡♥t
❡♥tr❡ ✻ ❡t ✼ ❦❜✳ ▲❛ séq✉❡♥❝❡ ❡st ❝♦♠♣♦sé❡ ❞✬✉♥❡ ré❣✐♦♥ ♣r♦♠♦tr✐❝❡✱ ✺✬✲❯❚❘ ✭♣♦✉r ❯♥✲
tr❛♥s❧❛t❡❞ ❚r❛♥s❝r✐❜❡❞ ❘❡❣✐♦♥✮ s✉✐✈✐❡ ❞❡ ❞❡✉① ❝❛❞r❡s ❞❡ ❧❡❝t✉r❡ ✭❖❘❋ ♣♦✉r❖♣❡♥ ❘❡❛❞✐♥❣
❋r❛♠❡✮✱ ❖❘❋✶ ❡t ❖❘❋✷✱ ❡t ❞✬✉♥❡ ré❣✐♦♥ ✸✬✲❯❚❘ q✉✐ t❡r♠✐♥❡ ♣❛r ✉♥❡ séq✉❡♥❝❡ r✐❝❤❡
❡♥ ❛❞é♥✐♥❡ ✭❋✐❣✉r❡ ✶✳✸❆✮✳ ▲❛ ♣r♦té✐♥❡ ♣r♦❞✉✐t❡ ♣❛r ❖❘❋✶✱ ❖❘❋✶♣✱ ❡st ✉♥❡ ❝❤❛♣❡r♦♥❡
à ❆❘◆ q✉✐ ❡st ❡ss❡♥t✐❡❧❧❡ à ❧❛ rétr♦tr❛♥s♣♦s✐t✐♦♥✳ ▲❛ ♣r♦té✐♥❡ ❖❘❋✷♣ ❛ ❞❡✉① ❞♦♠❛✐♥❡s
❡♥③②♠❛t✐q✉❡s✱ ✉♥❡ ❡♥❞♦♥✉❝❧é❛s❡ ✭❊◆✮ ❡t ✉♥❡ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ✭❘❚✮✳
▲❡ ♠é❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞❡s ▲■◆❊ ❝♦♠♠❡♥❝❡ ♣❛r ❧❛ tr❛♥s❝r✐♣t✐♦♥ ❞✬✉♥
❆❘◆ ♠❡ss❛❣❡r ♠❛t✉r❡ ♣❛r ❧✬❆❘◆ ♣♦❧②♠ér❛s❡ ■■ ✭❋✐❣✉r❡ ✶✳✸❇✮✳ ❈❡t ❆❘◆♠ ❡st ❡♥s✉✐t❡
❡①♣♦rté ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡ ❡t tr❛❞✉✐t ❡♥ ♣r♦té✐♥❡s ❖❘❋✶♣ ❡t ❖❘❋✷♣ q✉✐ ✈♦♥t s❡ ✜①❡r
à ❧✬❆❘◆ ♠❡ss❛❣❡r ♣♦✉r ❢♦r♠❡r ✉♥❡ r✐❜♦♥✉❝❧é♦♣r♦té✐♥❡ ♦✉ ❘◆P ✭♣♦✉r r✐❜♦♥✉❝❧❡♦♣r♦t❡✐♥
♣❛rt✐❝❧❡✮ q✉✐ ❡st ❡♥s✉✐t❡ ✐♠♣♦rté❡ ❞❛♥s ❧❡ ♥♦②❛✉✳ ▲✬❡♥❞♦♥✉❝❧é❛s❡ ❡♥❝♦❞é❡ ♣❛r ❖❘❋✷♣
r❡❝♦♥♥❛ît ✉♥ s✐t❡ ❝✐❜❧❡ r✐❝❤❡ ❡♥ t❤②♠✐♥❡ ✭♠♦t✐❢ ✺✬✲❚❚❚❚❆❆✲✸✬✮ ❡t ❝ré❡ ✉♥❡ ❝❛ss✉r❡
s✐♠♣❧❡ ❜r✐♥ s✉r ❧✬❆❉◆ ❝✐❜❧❡✳ ▲❛ q✉❡✉❡ ♣♦❧②❆ ❞❡ ❧✬❆❘◆ ♠❡ss❛❣❡r ✈❛ ❛❧♦rs s❡ ✜①❡r ♣❛r
❝♦♠♣❧é♠❡♥t❛r✐té ❛✉ s✐t❡ ❞❡ ❝❛ss✉r❡✳ ▲✬❆❘◆♠ ❡st rétr♦tr❛♥s❝r✐t ♣❛r ❧❛ ❘❚✱ ❧❡ ❞❡✉①✐è♠❡
❜r✐♥ ❞✬❆❉◆ ❡st ❝♦✉♣é ❡t ❧❛ séq✉❡♥❝❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞✉ ❊❚ ❡st s②♥t❤ét✐sé❡✳ ▲✬✐♥s❡rt✐♦♥
❞❡ ♥♦✈♦ ❞✬✉♥ é❧é♠❡♥t ❝ré❡ ❞❡s ♣❡t✐t❡s séq✉❡♥❝❡s ré♣été❡s ✭❚❙❉✮ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡
❧✬✐♥s❡rt✐♦♥✳
❈❡ ♠é❝❛♥✐s♠❡ ❞✬✐♥té❣r❛t✐♦♥ ❞❛♥s ✉♥ s✐t❡ ❝✐❜❧❡✱ s♣é❝✐✜q✉❡ ❛✉① rétr♦tr❛♥s♣♦s♦♥s ♥♦♥✲
▲❚❘✱ ❡st ❛♣♣❡❧é ❚P❘❚ ♣♦✉r t❛r❣❡t✲♣r✐♠❡❞ r❡✈❡rs❡ tr❛♥s❝r✐♣t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❣r❛♥❞❡
♠❛❥♦r✐té ❞❡s rétr♦tr❛♥s♣♦s♦♥s ❞❡ t②♣❡ ▲■◆❊ s♦♥t ✐♥❝❛♣❛❜❧❡s ❞❡ s❡ ♠♦❜✐❧✐s❡r✳ ❊♥ ❡❢✲
❢❡t✱ ❣râ❝❡ ❛✉ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✱ ✸✵ à ✸✺✪ ❞❡s ❝♦♣✐❡s ❞✬é❧é♠❡♥ts ▲■◆❊✶
❧❡s ♣❧✉s ré❝❡♥ts ✭▲■◆❊✶ ❤✉♠❛✐♥ s♣é❝✐✜q✉❡ ❞❡ t②♣❡ ❚❛✮ s♦♥t ❞❡s ✐♥s❡rt✐♦♥s ❝♦♠♣❧èt❡s
✻
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
B
L1 (6-7 Kb)
EN RT
ORF1 3’UTRORF25’UTR
AAAAA
Export de l’ARNm
AAAAA
AAAAAORF2p
Traduction et 
formation du 
complexe RNP
Pol II Transcription
Insertion
Noyau
Cytoplasme
A(n)
Locus cible
ORF1p
❋✐❣✉r❡ ✶✳✸✿ ▲■◆❊✳ ❆✳ ▲❡s rétr♦tr❛♥s♣♦s♦♥s ❞❡ t②♣❡ ▲■◆❊ s♦♥t ❝♦♠♣♦sés ❞✬✉♥❡ ré❣✐♦♥
✺✬❯❚❘✱ ❞❡ ❞❡✉① ❝❛❞r❡s ❞❡ ❧❡❝t✉r❡✱ ❖❘❋✶ ❡t ❖❘❋✷ q✉✐ ❝♦♥t✐❡♥t ✷ ❞♦♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s✱
✉♥❡ ❡♥❞♦♥✉❝❧é❛s❡ ✭❊◆✮ ❡t ✉♥❡ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ✭❘❚✮✱ ♣✉✐s ✉♥❡ ré❣✐♦♥ ✸✬❯❚❘✳ ❇✳ ▼é✲
❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞❡s é❧é♠❡♥ts ▲■◆❊✳
✭♦✉ ❢✉❧❧✲❧❡♥❣t❤✮✱ ✹✵ à ✹✺✪ s♦♥t tr♦♥q✉é❡s ❡♥ ré❣✐♦♥ ✺✬ ❡t ❡♥✈✐r♦♥ ✷✺✪ ❝♦♥t✐❡♥♥❡♥t ❞❡s
ré❛rr❛♥❣❡♠❡♥ts ❞❡ t②♣❡ ✐♥s❡rt✐♦♥✴❞é❧ét✐♦♥ ✭❘✐❝❤❛r❞s♦♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳
▲✬✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t tr♦♥q✉é ❡♥ ✺✬ s❡♠❜❧❡ êtr❡ ❞✉❡ à ✉♥ ❛rrêt ♣ré♠❛t✉ré ❞❡
❧❛ rétr♦tr❛♥s❝r✐♣t✐♦♥✱ q✉✐ ♣r♦❝è❞❡ ❞❡ ❧❛ ré❣✐♦♥ ✸✬ à ✺✬✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❞✐ss♦❝✐❛t✐♦♥ ❞❡
❧❛ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ❞✉ ❜r✐♥ ❞✬❆❉◆ ❝♦♠♣❧é♠❡♥t❛✐r❡ r❡st❡ à ❝❧❛r✐✜❡r✳ ❉❛♥s ❧❡ ❝❛s
❞✬✐♥✈❡rs✐♦♥ ❞❡ ❧❛ séq✉❡♥❝❡ ✐♥t❡r♥❡ ❞❡s ▲■◆❊✱ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ t✇✐♥✲♣r✐♠✐♥❣ ❛ été ♣r♦✲
♣♦sé ✭❖st❡rt❛❣ ❛♥❞ ❑❛③❛③✐❛♥ ❍✳❍✳✱ ✷✵✵✶✮✿ ❧♦rs ❞❡ ❧❛ rétr♦tr❛♥s❝r✐♣t✐♦♥✱ ❧❛ ♣❛rt✐❡ ✺✬ ❞❡
❧✬❆❘◆♠ ✈✐❡♥t s✬❤②❜r✐❞❡r ❛✉ ❜r✐♥ ❞✬❆❉◆ ❧✐❜r❡ ✐♥❞✉✐s❛♥t ❧✬✐♥✈❡rs✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡ ✺✬ ❞❡
❧✬é❧é♠❡♥t✳
✼
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
▲❡s é❧é♠❡♥ts ❙■◆❊
▲❡s ❙■◆❊ s♦♥t ❞❡s ❡♥t✐tés très ❝♦✉rt❡s✱ ♠❡s✉r❛♥t ❡♥tr❡ ✶✵✵ ❡t ✺✵✵ ♣❜✳ ■❧s s♦♥t
❝❧❛ssés s❡❧♦♥ ❧✬♦r✐❣✐♥❡ ❞❡ ❧❡✉r ♣r♦♠♦t❡✉r ✿ ❆❘◆ ❞❡ tr❛♥s❢❡rt ✭t❘◆❆✮✱ ❆❘◆ ✼❙▲ ♦✉
❆❘◆ r✐❜♦s♦♠❛❧ ✺❙✳ ▲❡✉r ♣r♦♠♦t❡✉r ❝♦♥t✐❡♥t ❞❡s séq✉❡♥❝❡s ❛♣♣❡❧é❡s ❜♦✐t❡ ❆ ❡t ❜♦✐t❡ ❇
♥é❝❡ss❛✐r❡s ♣♦✉r ❧❛ tr❛♥s❝r✐♣t✐♦♥ ♣❛r ❧✬❆❘◆ ♣♦❧②♠ér❛s❡ ■■■ ✭P♦❧ ■■■✮ ✭■❝❤✐②❛♥❛❣✐✱ ✷✵✶✸✮✳
❈❡s séq✉❡♥❝❡s ✈♦♥t êtr❡ r❡❝♦♥♥✉❡s ♣❛r ✉♥ ❝♦♠♣❧❡①❡ ♣r♦té✐q✉❡✱ ❚❋■■■❈ q✉✐ ✈❛ ✐♥t❡r❛✲
❣✐r ❛✈❡❝ ✉♥ ❛✉tr❡ ❝♦♠♣❧❡①❡✱ ❚❋■■■❇✳ ❈❡ ❞❡r♥✐❡r ✈❛ ❛❧♦rs r❡❝r✉t❡r P♦❧ ■■■ ✭❋✐❣✉r❡ ✶✳✹✮✳
❈❡♣❡♥❞❛♥t✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ▲■◆❊ q✉✐ s♦♥t ❝❛♣❛❜❧❡s ❞❡ tr❛♥s♣♦s❡r ♣❛r ❡✉①✲♠ê♠❡s✱
❧❡s é❧é♠❡♥ts ❙■◆❊ s♦♥t ❞❡s é❧é♠❡♥ts ♥♦♥✲❛✉t♦♥♦♠❡s✱ q✉✐ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ♠❛❝❤✐♥❡r✐❡
❡♥③②♠❛t✐q✉❡ ❝♦❞é❡ ♣❛r ❧❡s é❧é♠❡♥ts ▲■◆❊ ♣♦✉r s❡ ❞é♣❧❛❝❡r ❡t ✉t✐❧✐s❡♥t ❧❡ ♠ê♠❡ ♠é❝❛♥✲
✐s♠❡ ❞✬✐♥té❣r❛t✐♦♥✱ ❛♣♣❡❧é ❚P❘❚✱ q✉❡ ❧❡s é❧é♠❡♥ts ▲■◆❊✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❡s ❙■◆❊ ♦♥t ❞❡s
❝❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s ❛✈❡❝ ❧❡s ▲■◆❊ ✿ ❧❡✉r séq✉❡♥❝❡ t❡r♠✐♥❡ ♣❛r ✉♥❡ ré❣✐♦♥ r✐❝❤❡ ❡♥
❛❞é♥♦s✐♥❡✱ ✐❧s s♦♥t ❡♥t♦✉rés ♣❛r ❞❡s ❚❙❉ s✉✐t❡ à ❧❛ tr❛♥s♣♦s✐t✐♦♥ ❡t ✐❧s s♦♥t ✐♥té❣rés ❛✉
s✐t❡ ❝✐❜❧❡ ❛✈❡❝ ❧❡ ♠♦t✐❢ ✺✬✲❚❚❚❚❆❆✲✸✬✳ ▲❛ ré❣✐♦♥ ✸✬ ❞❡s é❧é♠❡♥ts ❙■◆❊ ❡st ❤♦♠♦❧♦❣✉❡
à ❧❛ ré❣✐♦♥ ✸✬ ❞❡s é❧é♠❡♥ts ▲■◆❊ ✉t✐❧✐sés ♣♦✉r rétr♦tr❛♥s♣♦s❡r✳
▲❡s é❧é♠❡♥ts à ▲❚❘
▲❡s é❧é♠❡♥ts à ▲❚❘ s♦♥t ❝❛r❛❝tér✐sés ♣❛r ❞❡✉① séq✉❡♥❝❡s✱ ♦r✐❡♥té❡s ❞❛♥s ❧❡ ♠ê♠❡
s❡♥s q✉✐ ❡♥❝❛❞r❡♥t ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❝♦❞❛♥t❡✿ ❡❧❧❡s s♦♥t ❛♣♣❡❧é❡s ❧♦♥❣✉❡s séq✉❡♥❝❡s
t❡r♠✐♥❛❧❡s ré♣été❡s ❡t ❞♦♥♥❡♥t ❧❡ ♥♦♠ à ❝❡ ❣r♦✉♣❡ ❞✬é❧é♠❡♥ts✳ ❈❡s séq✉❡♥❝❡s ✢❛♥✲
q✉❛♥t❡s ♠❡s✉r❡♥t ❡♥tr❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ✭♣❜✮ à ♣❧✉s ❞❡ ✺ ❦❜✳ ▲❛
♣❛rt✐❡ ❝♦❞❛♥t❡ ♠❡s✉r❡ ❡♥tr❡ ✻ ❡t ✾ ❦❜✳ ❊❧❧❡ ❝♦♥t✐❡♥t ❧❛ ♣r♦té✐♥❡ ❣❛❣ ✭♣♦✉r ❣r♦✉♣ s♣❡✲
❝✐✜❝ ❛♥t✐❣❡♥✮ q✉✐ ❝♦❞❡ ❧❡s ❝♦♠♣♦s❛♥ts str✉❝t✉r❡❧s ❞❡ ❧❛ ❝❛♣s✐❞❡ ✈✐r❛❧❡ ❡t ❧❛ ♣r♦té✐♥❡
♣♦❧✱ ✉♥❡ ♣♦❧②♣r♦té✐♥❡ q✉✐ ❝♦❞❡ ❧❡s ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛
rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞❡ ❧✬é❧é♠❡♥t ✭❋✐❣✉r❡ ✶✳✺❆✮✳ ❈❡tt❡ ♣♦❧②♣r♦té✐♥❡ ❡st ❝♦♠♣♦sé❡ ❞✬✉♥❡
♣r♦té❛s❡ ✭P❘✮ r❡s♣♦♥s❛❜❧❡ ❞✉ ❝❧✐✈❛❣❡ ❞❡s ♣r♦té✐♥❡s ♣♦❧ ❡t ❣❛❣✱ ❞✬✉♥❡ tr❛♥s❝r✐♣t❛s❡ ✐♥✲
✈❡rs❡ ✭❘❚✮ ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❛ rétr♦tr❛♥s❝r✐♣t✐♦♥✱ ❞✬✉♥❡ r✐❜♦♥✉❝❧é❛s❡ ❍ ✭❘❍✮ ❡t ❞✬✉♥❡
✐♥té❣r❛s❡ ✭■◆❚✮✳ ▲❡s é❧é♠❡♥ts à ▲❚❘ s♦♥t s♦✉s✲❞✐✈✐sés s❡❧♦♥ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡
❝♦❞❛♥t❡ ❡t ❧✬♦r❞r❡ ❞❛♥s ❧❡q✉❡❧ ❧❡s ♣r♦té✐♥❡s s♦♥t ❡♥❝♦❞é❡s✳ ❈❡rt❛✐♥s é❧é♠❡♥ts✱ ❛♣♣❡❧és
❊❘❱ ✭♣♦✉r ❊♥❞♦❣❡♥♦✉s r❡tr♦✈✐r✉s✮ ♣♦ssè❞❡♥t ✉♥❡ tr♦✐s✐è♠❡ ♣r♦té✐♥❡ ❊♥✈ q✉✐ ❡st ✉♥❡
❣❧②❝♦♣r♦té✐♥❡ ❞❡ ❧✬❡♥✈❡❧♦♣♣❡ ✈✐r❛❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣❧✉♣❛rt ❞❡s ❊❘❱ s♦♥t ❞é♣♦✉r✈✉s
❞❡ séq✉❡♥❝❡ ❊♥✈✱ ❝❡ q✉✐ ❧❡s r❡♥❞ ♥♦♥ ✐♥❢❡❝t✐❡✉① ♣❛r r❛♣♣♦rt à ❞❡s rétr♦✈✐r✉s ❡①♦❣è♥❡s✳
✽
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
B
SINE (100-500bp)
AAAAA
Export de l’ARNm
AAAAA
AAAAAORF2p
Formation du 
complexe RNP 
Pol III Transcription
Insertion
Noyau
Cytoplasme
Locus cible
A(n)A B
ORF2p
❋✐❣✉r❡ ✶✳✹✿ ❙■◆❊✳ ❆✳ ▲❡s é❧é♠❡♥ts ❙■◆❊ ❝♦♥t✐❡♥♥❡♥t ✉♥ ♣r♦♠♦t❡✉r P♦❧ ■■■✱ ❞❡s
séq✉❡♥❝❡s ❜♦✐t❡ ❆ ❡t ❜♦✐t❡ ❇ ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❛ tr❛♥s❝r✐♣t✐♦♥ ❡t ✉♥❡ ré❣✐♦♥ ✸✬ ❤♦♠♦❧♦❣✉❡
❛✉① é❧é♠❡♥ts ▲■◆❊ ❞♦♥t ✐❧s ❞é♣❡♥❞❡♥t✱ r✐❝❤❡ ❡♥ ❛❞é♥♦s✐♥❡ ❇✳ ▼é❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦✲
s✐t✐♦♥ ❞❡s é❧é♠❡♥ts ❙■◆❊✳
▲❡ ♠é❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ✭❋✐❣✉r❡ ✶✳✺❇✮ ❞❡s é❧é♠❡♥ts à ▲❚❘ ❝♦♠♠❡♥❝❡ ♣❛r
❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥ ❆❘◆ ♠❡ss❛❣❡r ♣❛r ❧✬❆❘◆ ♣♦❧②♠ér❛s❡ ■■✳ ■❧ ❡st ❡♥s✉✐t❡ tr❛♥s♣♦rté
❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡✱ ♦ù ❧❡s séq✉❡♥❝❡s ♣♦❧ ❡t ❣❛❣ s♦♥t tr❛❞✉✐t❡s ❡♥ ♣r♦té✐♥❡s ♠❛t✉r❡s✳
▲❡s ♣r♦té✐♥❡s ❣❛❣ s♦♥t ❛ss❡♠❜❧é❡s ♣♦✉r ❢♦r♠❡r ✉♥❡ ❝❛♣s✐❞❡ ✈✐r❛❧❡ ♦ù s♦♥t ❡♥❝❛♣s✉❧é❡s
❧❛ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ✭❘❚✮ ❡t ❧✬✐♥té❣r❛s❡ ❛✐♥s✐ q✉❡ ❧❛ ♠♦❧é❝✉❧❡ ❞✬❆❘◆✳ ▲❛ ❘❚ ✈❛ ❝♦♥✲
✈❡rt✐r ❧✬❆❘◆ ❡♥ ❆❉◆ ❞♦✉❜❧❡ ❜r✐♥✳ ▲❡ ❝♦♠♣❧❡①❡ ✐♥té❣r❛s❡✴❆❉◆ ❡st ❡♥s✉✐t❡ tr❛♥s♣♦rté
❞❛♥s ❧❡ ♥♦②❛✉ ❡t ❧❡ ❞♦✉❜❧❡ ❜r✐♥ ❞✬❆❉◆ ❡st ❛❧♦rs ✐♥séré ❞❛♥s ❧❡ ❣é♥♦♠❡ ♣❛r ❧✬✐♥té❣r❛s❡✳
❈❡tt❡ ♥♦✉✈❡❧❧❡ ✐♥s❡rt✐♦♥ ❝ré❡ ❞❡s ♣❡t✐t❡s séq✉❡♥❝❡s ré♣été❡s ✭❚❙❉✮ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡
❞✉ s✐t❡ ❝✐❜❧❡✳
■❧ ❛ été ♣r♦♣♦sé q✉❡ ❧❡s rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘ ♣r♦✈❡♥❛✐❡♥t ❞✬✉♥❡ ❢✉s✐♦♥ ❡♥tr❡ ✉♥
tr❛♥s♣♦s♦♥ à ❆❉◆ ❡t ✉♥ rétr♦tr❛♥s♣♦s♦♥ ♥♦♥✲▲❚❘ ✭▼❛❧✐❦ ❛♥❞ ❊✐❝❦❜✉s❤✱ ✷✵✵✶✮✳ ▲❡
✾
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
B
GAG
LTR LTR
ERV (7 Kb)
PR RT RH INT
ENVPOL
Noyau
Cytoplasme
Chromosomes
mRNA
cDNA
Traduction
formation de la 
capside et 
transcription
IN
RT
PR
GAG
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
Intégration
PR
g
ag
 p
o
l
ININ ININ
ga
g pol
Transcription
inverse
IN
RT
❋✐❣✉r❡ ✶✳✺✿ ▲❡s rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘✳ ❆✳ ▲❡s rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘ s♦♥t
❝♦♠♣♦sés ❞❡ ❞❡✉① séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s ✭▲❚❘ ♣♦✉r ▲♦♥❣ ❚❡r♠✐♥❛❧ ❘❡♣❡❛t✮ ❡t ❞✬✉♥❡ ♣❛rt✐❡
❝♦❞❛♥t❡ ✐♥t❡r♥❡✳ ●❆● ✿ ❣r♦✉♣ s♣❡❝✐✜❝ ❛♥t✐❣❡♥✱ P❘ ✿ ♣r♦té❛s❡✱ P❖▲ ✿ ♣♦❧②♣r♦té✐♥❡✱ ❘❚ ✿
tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡✱ ❘❍ ✿ r✐❜♦♥✉❝❧é❛s❡ ❍✱ ■◆❚ ✿ ✐♥té❣r❛s❡✱ ❊◆❱ ✿ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡✳
❇✳ ▼é❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞❡s é❧é♠❡♥ts à ▲❚❘ ✭✜❣✉r❡ ✐ss✉❡ ❞❡ ❍❛✈❡❝❦❡r ❡t ❛❧✳
✭✷✵✵✹✮✮
tr❛♥s♣♦s♦♥ à ❆❉◆ ❛✉r❛✐t ❢♦✉r♥✐ ❧✬❛❝t✐✈✐té ❞✬✐♥té❣r❛t✐♦♥ ✈✐❛ ❧❛ tr❛♥s♣♦s❛s❡ ❛✐♥s✐ q✉❡
❧❡s séq✉❡♥❝❡s ré♣été❡s ✢❛♥q✉❛♥t❡s✳ ▲❡ rétr♦tr❛♥s♣♦s♦♥ ♥♦♥✲▲❚❘ ❝♦♥tr✐❜✉❡r❛✐t ❛✉① ❞♦✲
♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s ❘❍ ❡t ❘❚✳ ❆❧t❡r♥❛t✐✈❡♠❡♥t✱ ✐❧ ❛ ❛✉ss✐ été ♣r♦♣♦sé q✉❡ ❧❡s rétr♦✲
tr❛♥s♣♦s♦♥s à ▲❚❘ ♣♦✉✈❛✐❡♥t êtr❡ ❧❡ rés✉❧t❛t ❞✬✉♥❡ ❡♥❞♦❣é♥é✐s❛t✐♦♥ ❞❡ ✈✐r✉s ❡①♦❣è♥❡s
✭▲ö✇❡r ❡t ❛❧✳✱ ✶✾✾✻✮✳
❈❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ ❧❡s rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘ ♣r♦✈✐❡♥♥❡♥t ❞❡ ❧❛ s✉♣❡r❢❛♠✐❧❧❡
❞❡s rétr♦✈✐r✉s ❡♥❞♦❣è♥❡s ✭❊❘❱ ♣♦✉r ❡♥❞♦❣❡♥♦✉s r❡tr♦✈✐r✉s✮✳ ▲❛ séq✉❡♥❝❡ ❞é❝r✐t❡ ❡♥
❋✐❣✉r❡ ✶✳✺ ❡st ❧❛ séq✉❡♥❝❡ ❝♦♠♣❧èt❡ ❞✬✉♥ é❧é♠❡♥t à ▲❚❘✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ str✉❝t✉r❡
♥✬❡st ♣❛s ❧❛ ♣❧✉s ❝♦✉r❛♥t❡✳ ❚r♦✐s ❛✉tr❡s str✉❝t✉r❡s ❞❡ rétr♦tr❛♥s♣♦s♦♥ à ▲❚❘ ♣❡✉✈❡♥t
êtr❡ ❞✐st✐♥❣✉é❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❝❡rt❛✐♥❡s séq✉❡♥❝❡s s♦♥t ♣❧✉s ❝♦✉rt❡s ❡t ♥✬♦♥t ♣❛s t♦✉s ❧❡s
✶✵
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❞♦♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s✱ ❛✈❡❝ ❧❛ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡ ❊♥✈ ét❛♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❛❜s❡♥t❡✳
P❛r ❡①❡♠♣❧❡✱ ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❍❊❘❱❍ ✭❘ö♠❡r ❡t ❛❧✳✱ ✷✵✶✼✮✱ q✉✐ s♦♥t ❧❡s ❊❘❱
❧❡s ♣❧✉s ❛❜♦♥❞❛♥ts ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✱ ❡t ❧❡s ❢❛♠✐❧❧❡s ▼✉s❉ ❡t ■❆P ✭❙t♦❝❦✐♥❣
❛♥❞ ❑♦③❛❦✱ ✷✵✵✽✮ ❝❤❡③ ❧❛ s♦✉r✐s ♥✬♦♥t ♣❛s ❞❡ ❣è♥❡ ❊♥✈✳ ❈❡rt❛✐♥s é❧é♠❡♥ts ♦♥t ❧❡s ❞❡✉①
séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s ▲❚❘ ♠❛✐s ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❡st ❞é❣é♥éré❡✳ ❈❡s é❧é♠❡♥ts s♦♥t ❞♦♥❝
♥♦♥✲❛✉t♦♥♦♠❡s✱ ❡t ✉t✐❧✐s❡♥t ❧❡s ♣r♦té✐♥❡s ✈✐r❛❧❡s ♣r♦❞✉✐t❡s ♣❛r ❞✬❛✉tr❡s rétr♦tr❛♥s♣♦s♦♥s
♣♦✉r ❧❡✉r ♠♦❜✐❧✐s❛t✐♦♥✳ ❈✬❡st ❧❡ ❝❛s ❝❤❡③ ❧✬❤✉♠❛✐♥ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❚❍❊✶ ❡t✱ ❝❤❡③ ❧❛ s♦✉r✐s✱
❧❛ ❢❛♠✐❧❧❡ ❊❚♥ ✭▼❛❣❡r ❛♥❞ ❙t♦②❡✱ ✷✵✶✺✮ q✉✐ tr❛♥s♣♦s❡ ✈✐❛ ❧❡s ♣r♦té✐♥❡s ❞❡s é❧é♠❡♥ts
▼✉s❉✳ ❊♥✜♥✱ ✉♥❡ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s é❧é♠❡♥ts✱ ❛♣♣❡❧és é❧é♠❡♥ts s♦❧✐t❛✐r❡s ♦✉ s♦❧♦✲
▲❚❘✱ ♥❡ s♦♥t ❝♦♠♣♦sés q✉❡ ❞✬✉♥ s❡✉❧ ▲❚❘✳ ■❧s s♦♥t ❣é♥érés s✉✐t❡ à ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥
❤♦♠♦❧♦❣✉❡ ❡♥tr❡ ❧❡s ❞❡✉① ▲❚❘ ❞✬✉♥ ♠ê♠❡ é❧é♠❡♥t ❡t ❞❡ ❧❛ ♣❡rt❡ ❝♦♥sé❝✉t✐✈❡ ❞❡ ❧❛ ♣❛rt✐❡
✐♥t❡r♥❡✳
❉❡ ♣❛r ❧❡✉r str✉❝t✉r❡ ❤étér♦❣è♥❡✱ ❝❧❛ss✐✜❡r ❧❡s ❊❘❱ r❡st❡ ✉♥ ♣r♦❜❧è♠❡ ❞❡ t❛✐❧❧❡✳ ▲❡s
❛♥❛❧②s❡s ♣❤②❧♦❣é♥ét✐q✉❡s ✉t✐❧✐s❡♥t ❧❛ séq✉❡♥❝❡ ❞✉ ❣è♥❡ ♣♦❧ ♣♦✉r ❧❡s ❝❧❛ss❡r ❡t s❡ ❜❛s❡♥t
s✉r ❧✬❤♦♠♦❧♦❣✐❡ ❞❡ séq✉❡♥❝❡s ❛✈❡❝ ❞❡s rétr♦✈✐r✉s ✐♥❢❡❝t✐❡✉①✳ ▲❛ ❝❧❛ss❡ ■ ❞❡s ❊❘❱ ✭❊❘❱✶✮
❡st ❛✐♥s✐ ❛♣♣❛r❡♥té❡ ❛✉① rétr♦✈✐r✉s ❞✉ ❣❡♥r❡ ❣❛♠♠❛ ❡t ❡♣s✐❧♦♥✲rétr♦✈✐r✉s✳ ▲❛ ❝❧❛ss❡ ■■
❞❡s ❊❘❱ ✭❛♥♥♦té❡ ❊❘❱✷ ♦✉ ❊❘❱❑✮ ❡st ♣❤②❧♦❣é♥ét✐q✉❡♠❡♥t ♣r♦❝❤❡ ❞❡s rétr♦✈✐r✉s ❞❡
t②♣❡ ❛❧♣❤❛ ❛♥❞ ❜ét❛✳ ❊♥✜♥✱ ❧❡s ❊❘❱✸ ♦✉ ❊❘❱▲ s♦♥t ❝❧❛ssés ❣râ❝❡ à ❧❡✉r s✐♠✐❧❛r✐té
❛✈❡❝ ❧❡s s♣✉♠❛✈✐r✉s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❊❘❱ ❞❛♥s ❧❡s ❣é♥♦♠❡s✱
❧✬❛♥♥♦t❛t✐♦♥ ✉t✐❧✐sé❡ ❝♦♠♠✉♥é♠❡♥t✱ ❛♣♣❡❧é❡ ❘❡♣❡❛t▼❛s❦❡r ✭❙♠✐t ❡t ❛❧✳✱ ✷✵✶✺✮✱ s❡ ❜❛s❡
s✉r ❞❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s q✉✐ s❡ tr♦✉✈❡♥t ❞❛♥s ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❘❡♣❇❛s❡✳ ❉❛♥s
❝❡tt❡ ❜❛s❡✱ ❧❡s ❢❛♠✐❧❧❡s s♦♥t sé♣❛ré❡s ❡♥ ✉♥❡ séq✉❡♥❝❡ q✉✐ ❞é❝r✐t ❧❛ ♣❛rt✐❡ ▲❚❘ ❡t ✉♥❡
❛✉tr❡ séq✉❡♥❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ré❣✐♦♥ ✐♥t❡r♥❡✳ P♦✉r ✉♥ é❧é♠❡♥t ❝♦♠♣❧❡t ✉♥✐q✉❡✱
✸ ❛♥♥♦t❛t✐♦♥s ❞✐✛ér❡♥t❡s ❡①✐st❡♥t ❞♦♥❝✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧❡s é❧é♠❡♥ts ■❆P❊③✲✐♥t✱ ❧❛
♣❛rt✐❡ ▲❚❘ ❡st ❛♥♥♦té❡ ■❆P▲❚❘✶ ❛❧♦rs q✉❡ ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❡st ♥♦♠♠é❡ ■❆P❊③✲✐♥t
✭▼❛❦s❛❦♦✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳ P♦✉r ♦❜t❡♥✐r ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ❛❞éq✉❛t❡✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡
r❡❝♦♥str✉✐r❡ ❧✬❛♥♥♦t❛t✐♦♥ ❝♦♠♣❧èt❡ ❞❡s ❊❘❱ ❡t ❞♦♥❝ ❞❡ ❝♦♥♥❛îtr❡ ❧❡s ♥♦♠s ❞❡s séq✉❡♥❝❡s
▲❚❘ ❡t ✐♥t❡r♥❡s ❢♦✉r♥✐s ♣❛r ❘❡♣❇❛s❡ ✭❇❛✐❧❧②✲❇❡❝❤❡t ❡t ❛❧✳✱ ✷✵✶✹✮✳
✶✳✶✳✸ ■♠♣❛❝t é✈♦❧✉t✐❢ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡s
♠❛♠♠✐❢èr❡s
▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s r❡♣rés❡♥t❡♥t ❡♥✈✐r♦♥ ✺✵✪ ❞✉ ❣é♥♦♠❡ ❞❡s ♠❛♠♠✐❢èr❡s
❛❧♦rs q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❣é♥✐q✉❡ ✭❡①♦♥s✮ ♥✬❡①❝è❞❡ ♣❛s ✷✪✳ ❉✬✉♥ ❝ôté✱ ❧❡s é❧é♠❡♥ts
✶✶
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
tr❛♥s♣♦s❛❜❧❡s s♦♥t ❞❡s ♠♦t❡✉rs ✐♠♣♦rt❛♥ts ♣♦✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣é♥♦♠❡s✳ ❈❡♣❡♥❞❛♥t✱ à
❝♦✉rt t❡r♠❡✱ ✐❧s ♣❡✉✈❡♥t ❛✉ss✐ ❡①❡r❝❡r ❞✐✈❡rs ❡✛❡ts ❞é❧étèr❡s s✉r ❧❡ ❣é♥♦♠❡✳ ❉❛♥s ❝❡tt❡
♣❛rt✐❡✱ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❧❡s ✐♠♣❛❝ts é✈♦❧✉t✐❢s ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s✉r ❧❡ ❣é♥♦♠❡
❞❡s ♠❛♠♠✐❢èr❡s✳
❊✛❡ts ❞é❧étèr❡s ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❉❡s ❝❛s ❞❡ ♠✉t❛❣❡♥ès❡ ✐♥s❡rt✐♦♥♥❡❧❧❡ ♣❛r rétr♦tr❛♥s♣♦s✐t✐♦♥ ♦♥t été ❛ss♦❝✐és à ♣❧✉s
❞❡ ✶✵✵ ♠❛❧❛❞✐❡s ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ✭❍❛♥❝❦s ❛♥❞ ❑❛③❛③✐❛♥ ❏r✱ ✷✵✶✻✮✱ ❝♦♠♠❡
❧✬❤é♠♦♣❤✐❧✐❡✱ ❧❡s ❝❛♥❝❡rs ❞✉ ❝♦❧♦♥ ❡t ❞✉ s❡✐♥✳ ❊♥ ✶✾✾✷✱ ✉♥❡ ✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t
▲■◆❊✶ ❝❤❡③ ✉♥ ♣❛t✐❡♥t s♦✉✛r❛♥t ❞✬✉♥ ❝❛♥❝❡r ❞✉ ❝♦❧♦♥ ❛ été ❞é❝r✐t❡ ✭▼✐❦✐ ❡t ❛❧✳✱ ✶✾✾✷✮✳
▲✬é❧é♠❡♥t ét❛✐t ✐♥séré ❞❛♥s ❧❡ ❞❡r♥✐❡r ❡①♦♥ ❞✉ ❣è♥❡ ❆P❈ ❡t ❞♦♥♥❛✐t ❧✐❡✉ à ✉♥❡ ♣r♦té✐♥❡
♥♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡✳ ▲❡ ❣è♥❡ ❆P❈ ❛ été ❞é❝r✐t ♣❛r ❧❛ s✉✐t❡ ❝♦♠♠❡ ét❛♥t ✉♥ s✉♣♣r❡ss❡✉r ❞❡
t✉♠❡✉r ❞❛♥s ❧❡ ❝♦❧♦♥✳ ❆✉✲❞❡❧à ❞✬✉♥❡ ✐♥❛❝t✐✈❛t✐♦♥ ❝♦♠♣❧èt❡✱ ❧❡s ✐♥s❡rt✐♦♥s ✐♥tr❛❣é♥✐q✉❡s
♣❡✉✈❡♥t ❛✉ss✐ ♠♦❞✐✜❡r ❧❡s ❆❘◆ ♠❡ss❛❣❡r ❡♥ ❢♦✉r♥✐ss❛♥t ✉♥ ♥♦✉✈❡❛✉ s✐t❡ ❞❡ ♣♦❧②❛❞é♥②✲
❧❛t✐♦♥✱ ✉♥ ♣r♦♠♦t❡✉r ♦✉ ❞❡ ❧✬é♣✐ss❛❣❡ ❛❧t❡r♥❛t✐❢✱ ♦✉ ❧✬✐♥❝❧✉s✐♦♥ ❞✬✉♥ ♥♦✉✈❡❧ ❡①♦♥✳ ❈❤❡③
❧❛ s♦✉r✐s✱ ✶✵✪ ❞❡s ♠✉t❛t✐♦♥s s♣♦♥t❛♥é❡s ♣r♦✈✐❡♥♥❡♥t ❞❡ ❧✬✐♥s❡rt✐♦♥ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s✲
❛❜❧❡s ✭▼❛❦s❛❦♦✈❛ ❡t ❛❧✳✱ ✷✵✵✻✮✳
■❧ ❛ été ❡st✐♠é q✉❡ ✷✵✪ ❞❡s é✈è♥❡♠❡♥ts ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ s♦♥t ❛ss♦❝✐és à ❞❡s
ré❛rr❛♥❣❡♠❡♥ts str✉❝t✉r❛✉① ❞❛♥s ❞❡s ❝❡❧❧✉❧❡s ❤✉♠❛✐♥❡s ❡♥ ❝✉❧t✉r❡ ✭❈♦r❞❛✉① ❛♥❞ ❇❛t③❡r✱
✷✵✵✾✮✳ ▲✬✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ❞é❧ét✐♦♥ ❞❡ q✉❡❧q✉❡s ♣❛✐r❡s ❞❡ ❜❛s❡s
❥✉sq✉✬à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ❦✐❧♦❜❛s❡s ✭❍❛♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❉❡ ♣❛r ❧❡✉r très ❣r❛♥❞ ♥♦♠✲
❜r❡ ❞❛♥s ❧❡ ❣é♥♦♠❡✱ ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t ❛✉ss✐ ✐♥❞✉✐r❡ ❞❡s ✈❛r✐❛t✐♦♥s
str✉❝t✉r❡❧❧❡s ✈✐❛ ✉♥❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❡❝t♦♣✐q✉❡ ❡♥tr❡ ♣♦s✐t✐♦♥s ♥♦♥✲❛❧❧é❧✐q✉❡s✳
❆✉ ❞❡❧à ❞✬❡✛❡ts ♣✉r❡♠❡♥t ❣é♥ét✐q✉❡s✱ ❧❛ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞✬✉♥ é❧é♠❡♥t à ♣r♦①✐♠✐té
❞✬✉♥ ❣è♥❡ ♣❡✉t ✐♥❞✉✐r❡ ✉♥❡ ♣❡rt✉r❜❛t✐♦♥ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥ ♣❛r ❡✛❡t ❞❡ ♣♦s✐t✐♦♥ ♦✉ ❧❛
❢♦r♠❛t✐♦♥ ❞✬✉♥ ❆❘◆ ♠❡ss❛❣❡r ♥♦♥ ❢♦♥❝t✐♦♥♥❡❧ ✭❋✐❣✉r❡ ✶✳✻✮✳ ❊♥ ❡✛❡t✱ s✐ ❧✬✐♥s❡rt✐♦♥ ❛
❧✐❡✉ ❞❛♥s ✉♥❡ ré❣✐♦♥ ré❣✉❧❛tr✐❝❡✱ ❧✬❡①♣r❡ss✐♦♥ ❣é♥✐q✉❡ ♣❡✉t êtr❡ ♠♦❞✐✜é❡✳ P❛r ❡①❡♠♣❧❡✱
❧✬✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡ ♣❡✉t ❛tt✐r❡r ❞❡s ❢❛❝t❡✉rs é♣✐❣é♥ét✐q✉❡s q✉✐ ✈♦♥t
♠♦❞✐✜❡r ❧✬ét❛t ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✳ ❈❡ ♥♦✉✈❡❧ ét❛t ♣❡✉t ❛❧♦rs ❛❧tér❡r ❧✬❡①♣r❡ss✐♦♥ ❞❡s ❣è♥❡s
à ♣r♦①✐♠✐té✳
✶✷
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
Modulation de l’expression Modication de la  transcription
AAAAA
AAAAA
Transcrit antisense
Promoteur alternatif
AAAAAInclusion d’un exon
AAAAAPolyadénylation alternative
AAAAAEpissage alternatif
Perturbation épigénétique
Réarrangement chromosomique
Genes
Transposon
❋✐❣✉r❡ ✶✳✻✿ ■♠♣❛❝t ❞❡ ❧❛ rétr♦tr❛♥s♣♦s✐t✐♦♥ s✉r ❧❡ ❣é♥♦♠❡✳
➱✈♦❧✉t✐♦♥ ❞❡s ❣é♥♦♠❡s ✿ ❧❡ rô❧❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
▲❡s rétr♦tr❛♥s♣♦s♦♥s ♣❡✉✈❡♥t ❡♥❞♦♠♠❛❣❡r ❧❡ ❣é♥♦♠❡ ✈✐❛ ❧❡✉r ✐♥s❡rt✐♦♥ ❞❡ ♥♦✈♦ ❡t
✐♥❞✉✐r❡ ❞❡s ♠❛❧❛❞✐❡s✳ ❈❡♣❡♥❞❛♥t✱ à ❧♦♥❣ t❡r♠❡ ❡t s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ sé❧❡❝t✐♦♥✱ ✐❧s ♦♥t
❛✉ss✐ ❥♦✉é ✉♥ rô❧❡ ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣é♥♦♠❡s ✈✐❛ ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s✳
▲❡s rétr♦tr❛♥s♣♦s♦♥s ♣❡✉✈❡♥t êtr❡ ❝♦♦♣tés ♣♦✉r s❡r✈✐r ❞✬❛♠♣❧✐✜❝❛t❡✉rs ❞✐st❛✉① ❞❡ ❧❛
tr❛♥s❝r✐♣t✐♦♥ ✭❡♥❤❛♥❝❡rs✮ ❞❡ ❣è♥❡s✳ P❧✉s✐❡✉rs ❡①❡♠♣❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❥♦✉❛♥t
❧❡ rô❧❡ ❞✬❛♠♣❧✐✜❝❛t❡✉r ♦♥t été r❡♣♦rtés ✭●❛r❝✐❛✲P❡r❡③ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❉❛♥s ❧❡s ❝❡❧❧✉❧❡s
s♦✉❝❤❡s tr♦♣❤♦❜❧❛st✐q✉❡s ♠✉r✐♥❡s q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞✉ ♣❧❛❝❡♥t❛✱ ❧❡s é❧é♠❡♥ts à ▲❚❘
❘▲❚❘✶✸❉✺ ♦♥t ❞❡s s✐t❡s ❞❡ ✜①❛t✐♦♥ s♣é❝✐✜q✉❡s ❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❊❖▼❊❙✱
❈❉❳✷ ❛♥❞ ❊▲❋✺ q✉✐ ❞é✜♥✐ss❡♥t ❧❡s rés❡❛✉① ❞❡ ré❣✉❧❛t✐♦♥ ❣é♥✐q✉❡s✳ ▲❡s é❧é♠❡♥ts tr❛♥s✲
♣♦s❛❜❧❡s ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘ s♦♥t ♣rés❡♥ts ❞❛♥s ✺ à ✷✺✪ ❞❡s
ré❣✐♦♥s q✉✐ s❡ ❧✐❡♥t ❛✉① ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❖❈❚✹ ❡t ◆❆◆❖● ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s
s♦✉❝❤❡s ❡♠❜r②♦♥♥❛✐r❡s ❤✉♠❛✐♥❡s ❡t ♠✉r✐♥❡s✳ ▲❡s é❧é♠❡♥ts ❙■◆❊ ❡t ❧❡s tr❛♥s♣♦s♦♥s à
❆❉◆ ♣❡✉✈❡♥t ❛✉ss✐ ❥♦✉❡r ❧❡ rô❧❡ ❞✬❛♠♣❧✐✜❝❛t❡✉r✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞✉ ❝❡r✈❡❛✉ ✭❇❡❥❡r❛♥♦ ❡t ❛❧✳✱ ✷✵✵✻❀ ◆♦t✇❡❧❧ ❡t ❛❧✳✱ ✷✵✶✺✮✳
▲❡s ❚❊ ♣❡✉✈❡♥t ❛❧♦rs s❡r✈✐r ❞❡ ♣r♦♠♦t❡✉r ❛❧t❡r♥❛t✐❢ ♣♦✉r ❢♦r♠❡r ❞❡s tr❛♥s❝r✐ts
❝❤✐♠ér✐q✉❡s ❛✈❡❝ ✉♥ ❣è♥❡✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❝♦♥t✐❡♥♥❡♥t ❡♥ ❡✛❡t ❞❡s ♠♦t✐❢s
s♣é❝✐✜q✉❡s r❡❝♦♥♥✉s ♣❛r ❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ q✉✐ r❡❝r✉t❡♥t ❧✬❆❘◆ ♣♦❧②♠ér❛s❡
■■ ✭❞❛♥s ❧❡ ❝❛s ❞❡s tr❛♥s♣♦s♦♥s à ❆❉◆✱ ❞❡s é❧é♠❡♥ts à ▲❚❘✱ ▲■◆❊✮ ❡t ■■■ ✭❞❛♥s ❧❡
❝❛s ❞❡s ❙■◆❊✮✳ ▲❛ ❝♦♦♣t❛t✐♦♥ ❞✬✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡ ❝♦♠♠❡ ♣r♦♠♦t❡✉r ❛❧t❡r♥❛t✐❢
✶✸
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
♣❡r♠❡t à ✉♥ ❣è♥❡ ❞✬êtr❡ ❡①♣r✐♠é ❞❛♥s ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡ ♦✉ t②♣❡ ❝❡❧❧✉✲
❧❛✐r❡ ♣❛rt✐❝✉❧✐❡r✳ ▲❡ ❣è♥❡ ❉✐❝❡r ❢♦✉r♥✐t ✉♥ ❡①❡♠♣❧❡ t②♣✐q✉❡ ❝❤❡③ ❧❛ s♦✉r✐s ✿ ✉♥ é❧é♠❡♥t
▼❚✲❈ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡s é❧é♠❡♥ts à ▲❚❘ q✉✐ s❡ tr♦✉✈❡ ❞❛♥s ❝❡ ❣è♥❡ ❡st ✉t✐❧✐sé ❝♦♠♠❡
♣r♦♠♦t❡✉r s♣é❝✐✜q✉❡♠❡♥t ❞❛♥s ❧✬♦✈♦❝②t❡✳ ❈❡❝✐ ❝♦♥❞✉✐s❛♥t à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥❡ ✐s♦✲
❢♦r♠❡ ❞✐✛ér❡♥t❡ ❞✉ tr❛♥s❝r✐t ❉✐❝❡r ❡①♣r✐♠é ❞❛♥s ❞✬❛✉tr❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s✳ ❈❡tt❡ ❢♦r♠❡
tr♦♥q✉é❡ ❡ss❡♥t✐❡❧❧❡ ♣♦✉r ❧✬♦✈♦❣❡♥ès❡ ❡st s♣é❝✐✜q✉❡♠❡♥t ❡①♣r✐♠é❡ ❞❛♥s ❧✬♦✈♦❝②t❡ ✭❋❧❡♠r
❡t ❛❧✳✱ ✷✵✶✸✮✳ ❉❛♥s ❧✬♦✈♦❝②t❡ ❡t ❛✉ st❛❞❡ ♣ré✐♠♣❧❛♥t❛t♦✐r❡✱ ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❡
❣è♥❡s s♦♥t ❡①♣r✐♠és à ♣❛rt✐r ❞✬✉♥ é❧é♠❡♥t à ▲❚❘ ❥♦✉❛♥t ❧❡ rô❧❡ ❞❡ ♣r♦♠♦t❡✉r ✭P❡❛st♦♥
❡t ❛❧✳✱ ✷✵✵✹✮✳ ❆✐♥s✐✱ ✶✸✪ ❞❡s tr❛♥s❝r✐ts ❞❛♥s ❧✬♦✈♦❝②t❡ ❞❡ s♦✉r✐s ♦♥t ♣♦✉r ♣r♦♠♦t❡✉r
✉♥ é❧é♠❡♥t ❞❡ ❧❛ s♦✉s✲❢❛♠✐❧❧❡ ▼❛▲❘✱ ❛♣♣❛rt❡♥❛♥t ❛✉① ❊❘❱✱ ❡t q✉✐ r❡♣rés❡♥t❡ ✹✪ ❞✉
❣é♥♦♠❡ ♠✉r✐♥✳
❊♥ ♣❧✉s ❞❡ ❧❡✉r rô❧❡ ❞✐r❡❝t s✉r ❧❛ ré❣✉❧❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❣é♥✐q✉❡✱ ❧❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t ❛✉ss✐ ✐♥✢✉❡♥❝❡r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ❝❤r♦♠♦s♦♠❡s✳ ❯♥ ❞❡s ré❣✉❧❛✲
t❡✉rs ♠❛❥❡✉rs ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ❝❤r♦♠♦s♦♠❡s ❡st ❧❛ ♣r♦té✐♥❡ ❈❚❈❋ q✉✐ ❥♦✉❡ ✉♥ rô❧❡
❞✬✐s♦❧❛t❡✉r ✭✐♥s✉❧❛t♦r✮✳ ❈❡tt❡ ♣r♦té✐♥❡ s❡ ✜①❡ à ❧✬❆❉◆ s✉r ❞❡s ♠♦t✐❢s ♣❛rt✐❝✉❧✐❡rs✳ ▲❡s
ré❣✐♦♥s ❞❡ ✜①❛t✐♦♥ ❞❡ ❈❚❈❋ s♦♥t ❢♦rt❡♠❡♥t ❡♥r✐❝❤✐❡s ❡♥ é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❈❤❡③
❧❛ s♦✉r✐s✱ ❧❡s é❧é♠❡♥ts ❇✷ ❞❡s ❙■◆❊ ♣♦ssè❞❡♥t ❧❡ ♠♦t✐❢ ❞❡ ❧✐❛✐s♦♥ ❞❡ ❈❚❈❋ ✭❇♦✉rq✉❡
❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲✬✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t ❇✷ ré❣✉❧❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❣è♥❡ ❞❡ ❧✬❤♦r♠♦♥❡
❞❡ ❝r♦✐ss❛♥❝❡✱ ●❤✱ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❜♦r♥❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❡♥tr❡ ❧✬❡✉❝❤r♦♠❛t✐♥❡ ❡t
❧✬❤étér♦❝❤r♦♠❛t✐♥❡✳ ❊♥✜♥✱ ❧❡s ♣r♦té✐♥❡s ❝♦❞é❡s ♣❛r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t
êtr❡ ❞♦♠❡st✐q✉é❡s ♣❛r ❧❡ ❣é♥♦♠❡ ❤ôt❡✳ ▲❡s ♣r♦té✐♥❡s s②♥❝②t✐♥❡s✱ ❞ér✐✈é❡s ❞❡ ♣r♦té✐♥❡s
❞✬❡♥✈❡❧♦♣♣❡ ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✷✳✷✮✱ ❥♦✉❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉
♣❧❛❝❡♥t❛ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s ✭❉✉♣r❡ss♦✐r ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❉❡ ❢❛ç♦♥ r❡♠❛rq✉❛❜❧❡✱ ❧❛ ❝♦♦♣✲
t❛t✐♦♥ ❞❡ ❝❡s ❣è♥❡s ❞✬❡♥✈❡❧♦♣♣❡ ❞✬♦r✐❣✐♥❡ ✈✐r❛❧❡ ❡st ❛rr✐✈é❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t ♣❧✉s✐❡✉rs
❢♦✐s ❛✉ ❝♦✉rs ❞❡ ❧✬é✈♦❧✉t✐♦♥ ✭❉✉♣r❡ss♦✐r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❯♥❡ ét✉❞❡ ré❝❡♥t❡ ❛ ❞é♠♦♥tré q✉❡
❝❤❡③ ❧❡s tétr❛♣♦❞❡s ❡t ❧❛ ❞r♦s♦♣❤✐❧❡✱ ❧❡ ❣è♥❡ ❆r❝ ❛✈❛✐t ♣♦✉r ♦r✐❣✐♥❡ ✉♥ rétr♦tr❛♥s♣♦s♦♥
❞❡ t②♣❡ ▲❚❘ ✭P❛st✉③②♥ ❡t ❛❧✳✱ ✷✵✶✽✮✳ ▲❛ ♣r♦té✐♥❡ ♣❡✉t ❢♦r♠❡r ✉♥❡ ❝❛♣s✐❞❡ ✈✐r❛❧❡ q✉✐
♣❡✉t tr❛♥s❢ér❡r ❞❡ ❧✬❆❘◆ ♠❡ss❛❣❡r ❡♥tr❡ ❞✐✛ér❡♥t❡s ❝❡❧❧✉❧❡s ❞✉ s②stè♠❡ ♥❡r✈❡✉①✳
P♦✉r ✉♥ rés✉♠é ❞❡ ❧✬✐♠♣❛❝t ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s✉r ❧❡s ❣é♥♦♠❡s✱ s❡ ré❢ér❡r
à ✭❲❛rr❡♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳
✶✹
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
✶✳✶✳✹ ❉✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s
▲❡ séq✉❡♥ç❛❣❡ ❞❡s ❣é♥♦♠❡s ❝♦♠♣❧❡ts ❞❡s ♠❛♠♠✐❢èr❡s ❛ ♣❡r♠✐s ❞❡ ❝❛rt♦❣r❛♣❤✐❡r
❞❡ ♠❛♥✐èr❡ ♣ré❝✐s❡ ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭●✐❜❜s ❡t ❛❧✳✱ ✷✵✵✹❀ ▲❛♥❞❡r ❡t ❛❧✳✱ ✷✵✵✶❀
▲✐♥❞❜❧❛❞✲❚♦❤ ❡t ❛❧✳✱ ✷✵✵✺❀ ❲❛rr❡♥ ❡t ❛❧✳✱ ✷✵✵✽❀ ❲❛t❡rst♦♥ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ■❧ ❛ été ❡st✐♠é
q✉✬❡♥✈✐r♦♥ ✺✵✪ ❞✉ ❣é♥♦♠❡ ❞❡s ♠❛♠♠✐❢èr❡s ❡st ❛✐♥s✐ ❝♦♠♣♦sé ❞❡ ❊❚ ✭❋✐❣✉r❡ ✶✳✼✮✳ P❛r
❞❡s ♠ét❤♦❞❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ♥♦✈♦✱ ✐❧ ❛ ♠ê♠❡ été ❡st✐♠é q✉❡ ❧❡s séq✉❡♥❝❡s ré♣été❡s
♣♦✉rr❛✐❡♥t r❡♣rés❡♥t❡r ✻✻✪ à ✻✾✪ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ ✭❞❡ ❑♦♥✐♥❣ ❡t ❛❧✳✱ ✷✵✶✶✮✳
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SINE
LINE
LTR
Transposon à ADN
Faible complexité
Autre seq répétée 
ADN non répété
Ornithorynque
Opossum
Tenrec
Eléphant
Tatou
Musaraigne
Chauve-souris
Vache
Chien
Lapin
Souris
Rat
Galago
Marmouset
Macaque
Babouin
Chimpanzé
Humain
Pourcentage du génome
0.02
❋✐❣✉r❡ ✶✳✼✿ ❉✐str✐❜✉t✐♦♥ ❞❡s séq✉❡♥❝❡s ré♣été❡s ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ▲❡s é❧é✲
♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♦♥t été q✉❛♥t✐✜és ❛✈❡❝ ❧✬❛♥♥♦t❛t✐♦♥ ❢♦✉r♥✐❡ ♣❛r ❧✬♦✉t✐❧ ❘❡♣❡❛t▼❛s❦❡r
✭❙♠✐t ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❍✉♠❛✐♥✿ ❍♦♠♦ s❛♣✐❡♥s✱ ❈❤✐♠♣❛♥③é✿ P❛♥ tr♦❣❧♦❞②t❡s✱ ▼❛❝❛q✉❡✿
▼❛❝❛❝❛ ♠✉❧❛tt❛✱ ▼❛r♠♦✉s❡t✿ ❈❛❧❧✐t❤r✐① ❥❛❝❝❤✉s✱ ❘❛t✿ ❘❛tt✉s ♥♦r✈❡❣✐❝✉s✱ ❙♦✉r✐s✿ ▼✉s
♠✉s❝✉❧✉s✱ ▲❛♣✐♥✿ ❖r②❝t♦❧❛❣✉s ❝✉♥✐❝✉❧✉s✱ ❈❤✐❡♥✿ ❈❛♥✐s ❧✉♣✉s ❢❛♠✐❧✐❛r✐s✱ ❱❛❝❤❡✿ ❇♦s t❛✉✲
r✉s✱ ❈❤❛✉✈❡✲s♦✉r✐s✿ ▼②♦t✐s ❧✉❝✐❢✉❣✉s✱ ▼✉s❛r❛✐❣♥❡✿ ❙♦r❡① ❛r❛♥❡✉s✱ ❚❛t♦✉✿ ❉❛s②♣✉s ♥♦✈❡♠✲
❝✐♥❝t✉s✱ ❊❧é♣❤❛♥t✿ ▲♦①♦❞♦♥t❛ ❛❢r✐❝❛♥❛✱ ❚❡♥r❡❝✿ ❊❝❤✐♥♦♣s t❡❧❢❛✐r✐✱ ❖♣♦ss✉♠✿ ▼♦♥♦❞❡❧♣❤✐s
❞♦♠❡st✐❝❛✱ ❖r♥✐t❤♦r②♥q✉❡✿ ❖r♥✐t❤♦r❤②♥❝❤✉s ❛♥❛t✐♥✉s✳ ▲❡s ❣é♥♦♠❡s ❞✉ ❜❛❜♦✉✐♥ ❡t ❞✉
❣❛❧❛❣♦ ♥❡ s♦♥t ♣❛s ❞✐s♣♦♥✐❜❧❡s s✉r ❘❡♣❡❛t▼❛s❦❡r✳ ▲✬❛r❜r❡ ♣❤②❧♦❣é♥ét✐q✉❡ ❞❡s ♠❛♠♠✐❢èr❡s
❡st ✐ss✉ ❞❡ ◆✐❦♦❧❛❡✈ ❡t ❛❧✳ ✭✷✵✵✼✮✳
▲❡s tr❛♥s♣♦s♦♥s à ❆❉◆ s♦♥t ❡♥ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❛♥s ❧❡s ❣é♥♦♠❡s ♠❛♠♠✐❢èr❡s ❡t
r❡♣rés❡♥t❡♥t ♠♦✐♥s ❞❡ ✸✪ ❞❡ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞✬❆❉◆✳ ❆✐♥s✐✱ ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ❡st
✶✺
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❝♦♠♣♦sé ❞❡ ✺✵✵ ✵✵✵ ❝♦♣✐❡s ❞❡ tr❛♥s♣♦s♦♥s à ❆❉◆ ❡t ❡♥✈✐r♦♥ ✉♥ t✐❡rs ❞✬❡♥tr❡ ❡❧❧❡s ♦♥t
été ✐♥té❣ré❡s ❛✉ ❝♦✉rs ❞❡s ✽✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ✭▼②❛✮ ♣❛ssé❡s ✭❋❡s❝❤♦tt❡ ❛♥❞ Pr✐t❤❛♠✱
✷✵✵✼✮✳ ▲✬❛❝t✐✈✐té ❞❡s tr❛♥s♣♦s♦♥s à ❆❉◆ s❡♠❜❧❡ ❛✈♦✐r ❞é❝❧✐♥é ❥✉st❡ ❛♣rès ❧✬é♠❡r❣❡♥❝❡
❞❡s s✐♥❣❡s ❞✉ ◆♦✉✈❡❛✉ ▼♦♥❞❡✱ ✐❧ ② ❛ ✹✵ ▼②❛✳ ❈❡tt❡ ❡①t✐♥❝t✐♦♥ ❛ ❛✉ss✐ t♦✉❝❤é ❧❡ ❣é♥♦♠❡
❞❡s s♦✉r✐s✱ r❛ts ❡t ❝❤✐❡♥s✱ ✹✵ à ✺✵ ▼②❛ ❛✈❛♥t ♥♦tr❡ èr❡ ✭●✐❜❜s ❡t ❛❧✳✱ ✷✵✵✹❀ ▲✐♥❞❜❧❛❞✲❚♦❤
❡t ❛❧✳✱ ✷✵✵✺❀ ❲❛t❡rst♦♥ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❈❡s ❞♦♥♥é❡s s✉❣❣èr❡♥t q✉❡ ❧❡s tr❛♥s♣♦s♦♥s à ❆❉◆
♦♥t ❝❡ssé ❞❡ tr❛♥s♣♦s❡r ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s à ❧✬❊♦❝è♥❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛
♣❡t✐t❡ ❝❤❛✉✈❡✲s♦✉r✐s ❜r✉♥❡ ✭▼②♦t✐s ❧✉❝✐❢✉❣✉s✮ ❡st ❝♦♠♣♦sé ❞❡ ✹✪ ❞❡ tr❛♥s♣♦s♦♥s à ❆❉◆
❞♦♥t ❝❡rt❛✐♥❡s ❝♦♣✐❡s s♦♥t t♦✉❥♦✉rs ❛❝t✐✈❡s ✭❋❡s❝❤♦tt❡ ❛♥❞ Pr✐t❤❛♠✱ ✷✵✵✼✮✳ P❧✉s✐❡✉rs
✈❛❣✉❡s ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ♦♥t ❡✉ ❧✐❡✉ ❛✉ ❝♦✉rs ❞❡s ✹✵ ▼②❛ ♣❛ssé❡s✳
▲❡s rétr♦tr❛♥s♣♦s♦♥s ♣r♦✈✐❡♥♥❡♥t ❡♥ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ▲■◆❊ ❡t ❙■◆❊✱ ❝❤❡③ t♦✉s ❧❡s
❣é♥♦♠❡s ♠❛♠♠✐❢èr❡s ❞♦♥t ❧❛ séq✉❡♥❝❡ ❡st ❞✐s♣♦♥✐❜❧❡✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡st ❡♥❝♦r❡ ♣❧✉s
✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡ ❣é♥♦♠❡ ❞❡ ❧✬♦r♥✐t❤♦r②♥q✉❡✱ ❡s♣è❝❡ ♠❛♠♠✐❢èr❡ ♦✈✐♣❛r❡ q✉✐ ❝♦♥t✐❡♥t
q✉❛s✐✲❡①❝❧✉s✐✈❡♠❡♥t ❞❡s rétr♦tr❛♥s♣♦s♦♥s ♥♦♥✲▲❚❘ ✭✾✼✳✹✪ ❞❡s ❘❚❊✮ ✭❲❛rr❡♥ ❡t ❛❧✳✱
✷✵✵✽✮✳ ❈❡tt❡ ❡s♣è❝❡ ❛ ✉♥❡ ❛✉tr❡ ♣❛rt✐❝✉❧❛r✐té✿ ❡♥ ❡✛❡t✱ ✾✵✪ ❞❡s é❧é♠❡♥ts ▲■◆❊ s♦♥t
✐ss✉s ❞❡ ❧❛ s♦✉s✲❢❛♠✐❧❧❡ ❞❡s ▲■◆❊✲✷ ✭▲✷✮ ❛❧♦rs q✉❡ ❧❡s ❛✉tr❡s ♠❛♠♠✐❢èr❡s s♦♥t ❝♦♠♣♦sés
❡♥ ♠❛❥♦r✐té ❞❡ ▲■◆❊✲✶ ✭▲✶✮ ✭❋✐❣✉r❡ ✶✳✽❆✮✳ ❉❡ ♣❧✉s✱ ❝❡s é❧é♠❡♥ts ▲✷ s♦♥t t♦✉❥♦✉rs ❛❝t✐❢s
❝❤❡③ ❧✬♦r♥✐t❤♦r②♥q✉❡ ❛❧♦rs q✉✬✐❧s s♦♥t ✐♥❛❝t✐❢s ❞❡♣✉✐s ✻✵ à ✶✵✵ ▼②❛ ❝❤❡③ ❧❡s ♠❛rs✉♣✐❛✉①
❡t ❧❡s ❡✉t❤ér✐❡♥s ✭❲❛rr❡♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❉❛♥s ❧❡ ❣é♥♦♠❡ ❞❡s ♠❛♠♠✐❢èr❡s✱ ❧❡s ▲✶ s♦♥t
❛♠♣❧✐✜és ❞❡♣✉✐s ✶✻✵ ▼②❛ ✭❘✐❝❤❛r❞s♦♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❆❧♦rs q✉❡ ♣❧✉s✐❡✉rs ❢❛♠✐❧❧❡s ❞❡ ▲✶
s♦♥t ❝❛r❛❝tér✐sé❡s ♣❛r ❡s♣è❝❡✱ ♣❧✉s✐❡✉rs ét✉❞❡s ♦♥t ♠♦♥tré q✉✬✉♥❡ s❡✉❧❡ ❢❛♠✐❧❧❡ ❡st ❛❝t✐✈❡
à ✉♥ t❡♠♣s ❞♦♥♥é ✭❇♦✐ss✐♥♦t ❡t ❛❧✳✱ ✷✵✵✵❀ ❑❤❛♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ❙♠✐t ❡t ❛❧✳✱ ✶✾✾✺❀ ❙♦♦❦❞❡♦
❡t ❛❧✳✱ ✷✵✶✸✮✳ ❊❧❧❡ s❡r❛ ♣❛r ❧❛ s✉✐t❡ r❡♠♣❧❛❝é❡ ♣❛r ✉♥❡ ♥♦✉✈❡❧❧❡ ❢❛♠✐❧❧❡ ❡t ❞❡✈✐❡♥❞r❛ ❛❧♦rs
✐♥❛❝t✐✈❡✳ ❈❡♣❡♥❞❛♥t✱ ♣❧✉s✐❡✉rs ❢❛♠✐❧❧❡s ♣❡✉✈❡♥t ❝♦❡①✐st❡r✳ ❯♥❡ ét✉❞❡ s✉r ❧❡s é❧é♠❡♥ts
▲✶ ❝❤❡③ ❧✬❤✉♠❛✐♥ ❛ ré✈é❧é q✉❡ ❞❛♥s ❝❡ ❝❛s✱ ❡❧❧❡s s♦♥t ❝♦♥st✐t✉é❡s ❞✬✉♥ ♣r♦♠♦t❡✉r ❞✐✛ér❡♥t
✭ré❣✐♦♥ ✺✬❯❚❘✮ ✭❑❤❛♥ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❡t s♦♥t ❞♦♥❝ ré❣✉❧é❡s ♣❛r ❞❡s ♠é❝❛♥✐s♠❡s ❞✐✛ér❡♥ts
✭❈❛str♦✲❉✐❛③ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❈❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ ❧❡s ✸ ❝❧❛ss❡s ❞✬é❧é♠❡♥ts ❊❘❱ ✭❊❘❱■✱ ❊❘❱■■ ❡t ❊❘❱■■■✮ s♦♥t
r❡♣rés❡♥té❡s ✭❋✐❣✉r❡ ✶✳✶✵❆✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡s ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ❞✐✛èr❡♥t
❡♥tr❡ ❧❡s ❡s♣è❝❡s✱ r❡✢ét❛♥t ❞❡s ❞②♥❛♠✐q✉❡s ❞✬é✈♦❧✉t✐♦♥ ❞✐✛ér❡♥t❡s✳ ◆♦✉s ♣♦✉✈♦♥s ♣❛r
❡①❡♠♣❧❡ r❡♠❛rq✉❡r q✉❡ ❧❡s ❊❘❱■■ ✭♦✉ ❊❘❱❑✮ r❡♣rés❡♥t❡♥t ✹✶✪ ❞❡s ❊❘❱s ❝❤❡③ ❧❡s
r♦♥❣❡✉rs ❡t ♦♥t ❡✉ ❞♦♥❝ ✉♥ s✉❝❝ès ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ✐♠♣♦rt❛♥t✱ ❛❧♦rs q✉❡ ❝❤❡③ ❧❡s ♣r✐♠❛t❡s✱
✐❧s ♥❡ r❡♣rés❡♥t❡♥t q✉❡ ✹✪ ❞❡s ❊❘❱s✳
✶✻
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
P♦✉r ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❞❡s rétr♦tr❛♥s♣♦s♦♥s ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ s❡ ré❢ér❡r
à ▼❛❣❡r ❛♥❞ ❙t♦②❡ ✭✷✵✶✺✮❀ ❘✐❝❤❛r❞s♦♥ ❡t ❛❧✳ ✭✷✵✶✺✮✳
❉✐str✐❜✉t✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s ❞❛♥s ❧❡s ❣é♥♦♠❡s ❤✉♠❛✐♥ ❡t ♠✉r✐♥
▲❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ❞❡s ❊❚ ♠❛♠♠✐❢èr❡s ♦♥t été ré❛❧✐sé❡s s✉r ❧❡s ❣é♥♦♠❡s ♠✉r✐♥
❡t ❤✉♠❛✐♥✳ ❈❡ s♦♥t é❣❛❧❡♠❡♥t s✉r ❝❡s ❞❡✉① ❣é♥♦♠❡s q✉❡ ❥✬❛✐ ré❛❧✐sé ✉♥❡ ét✉❞❡ ❝♦♠✲
♣❛r❛t✐✈❡ ❞❡s ♠ét❤♦❞❡s ❜✐♦✐♥❢♦r♠❛t✐q✉❡s ♣❛r s✐♠✉❧❛t✐♦♥ ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✭✈♦✐r
P❛rt✐❡ ✹✳✷✮✳ ▲❡s ❞✐✛ér❡♥ts ❊❚ ♣rés❡♥ts ❞❛♥s ❝❡s ❞❡✉① ❣é♥♦♠❡s s♦♥t ❞é❝r✐ts ❞❛♥s ❝❡
❝❤❛♣✐tr❡ ❛✜♥ ❞✬❛✈♦✐r ✉♥❡ ✈✉❡ ❞✬❡♥s❡♠❜❧❡ ❞❡s é❧é♠❡♥ts ❛♥♥♦tés✳
▲❡s é❧é♠❡♥ts ▲■◆❊✲✶
❉❡ ♣❛r ❧❡✉r t❛✐❧❧❡ ❡t ❧❡✉r ♥♦♠❜r❡✱ ❧❡s é❧é♠❡♥ts ▲✶ ❝♦♥st✐t✉❡♥t ❧❡s rétr♦tr❛♥s♣♦s♦♥s
❞♦♠✐♥❛♥ts ❞✉ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ❡t ❞❡ ❧✬❤♦♠♠❡✳ ▲❛ séq✉❡♥❝❡ ❞❡s é❧é♠❡♥ts ▲✶ ❡st
q✉❡❧q✉❡ ♣❡✉ ❞✐✛ér❡♥t❡ ❡♥tr❡ ❧✬❤♦♠♠❡ ❡t ❧❛ s♦✉r✐s ✭❇♦✐ss✐♥♦t ❛♥❞ ❙♦♦❦❞❡♦✱ ✷✵✶✻✮✳ ❚♦✉t
❞✬❛❜♦r❞✱ ❧❡s é❧é♠❡♥ts ❋▲ ✭❢✉❧❧✲❧❡♥❣t❤✮ ❝❤❡③ ❧❛ s♦✉r✐s ♠❡s✉r❡♥t ✼ ❦❜ ❛❧♦rs q✉✬✐❧s s♦♥t
❞❡ ✻ ❦❜ ♣♦✉r ❧✬❤✉♠❛✐♥✳ ▲❛ ré❣✐♦♥ ✺✬❯❚❘ ❥♦✉❡ ❧❡ rô❧❡ ❞❡ ♣r♦♠♦t❡✉r ♠❛✐s ❡❧❧❡ ❛ ❛✉ss✐
✉♥ ♣r♦♠♦t❡✉r ❛♥t✐s❡♥s ❝❤❡③ ❧✬❤♦♠♠❡ ❛❧♦rs q✉❡ ❝❤❡③ ❧❛ s♦✉r✐s✱ ❧❡ ♣r♦♠♦t❡✉r ❛♥t✐s❡♥s s❡
tr♦✉✈❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❖❘❋✶✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❡ ♣r♦♠♦t❡✉r ❛♥t✐s❡♥s ♣❡✉t ❝♦♥❞✉✐r❡ à
❧❛ tr❛♥s❝r✐♣t✐♦♥ ❞❡ ❣è♥❡s ❛❞❥❛❝❡♥ts✱ s✐t✉és ❡♥ ✺✬ ✭▲✐ ❡t ❛❧✳✱ ✷✵✶✹❀ ❙♣❡❡❦✱ ✷✵✵✶✮✳ ▲❛ ré❣✐♦♥
✺✬❯❚❘ ❝❤❡③ ❧❛ s♦✉r✐s ❡st ❝♦♠♣♦sé❡ ❞❡ séq✉❡♥❝❡s ré♣été❡s ❞✬❡♥✈✐r♦♥ ✷✵✵ ♣❜✱ ❛♣♣❡❧é❡s
♠♦♥♦♠èr❡s✳ ❈❤❛q✉❡ s♦✉s✲❢❛♠✐❧❧❡ ❝♦♥t✐❡♥t ✉♥❡ séq✉❡♥❝❡ ❡t ✉♥ ♥♦♠❜r❡ ❞❡ ♠♦♥♦♠èr❡s
❞✐✛ér❡♥ts ❡t ✐❧ ❛ été ♠♦♥tré q✉❡ ❧✬❛❝t✐✈✐té ❞✉ ♣r♦♠♦t❡✉r ét❛✐t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♥♦♠❜r❡
❞❡ ♠♦♥♦♠èr❡s ✭❉❡❜❡r❛r❞✐♥✐s ❛♥❞ ❑❛③❛③✐❛♥✱ ✶✾✾✾✮✳ ❆✐♥s✐✱ ❝❤❡③ ❧❛ s♦✉r✐s✱ ✷✾ ❢❛♠✐❧❧❡s ♦♥t
été ❞é✜♥✐❡s ❛✈❡❝ ✻ ♣r♦♠♦t❡✉rs ❞✐✛ér❡♥ts ✿ ❆✱ ❋✱ ❱✱ ◆✱ ▼✉s ❡t ▲① ✭❋✐❣✉r❡ ✶✳✽❈✮ ✭✷✵✪
❞✉ ❣é♥♦♠❡ ♠✉r✐♥✮ ✭❙♦♦❦❞❡♦ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ▲❡s ❢❛♠✐❧❧❡s ❱ ❡t ❋ s♦♥t ❧❡s ♣❧✉s ❛♥❝✐❡♥♥❡s ❡t
s♦♥t ✐♥❛❝t✐✈❡s ❡♥ t❡r♠❡ ❞❡ tr❛♥s♣♦s✐t✐♦♥✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ❛ été ❡st✐♠é q✉❡ ✸ ✵✵✵ é❧é♠❡♥ts
❞❡s ❢❛♠✐❧❧❡s ❧❡s ♣❧✉s ré❝❡♥t❡s ❆✱ ❚❢ ❡t ●❢ ♦♥t ❧❛ ❝❛♣❛❝✐té ❞❡ rétr♦tr❛♥s♣♦s❡r ✭●♦♦❞✐❡r
❡t ❛❧✳✱ ✷✵✵✶✮✳ ▲❡s é❧é♠❡♥ts ❞❡s ❢❛♠✐❧❧❡s ❚❢ ❡t ●❢ ❞ér✐✈❡♥t ❞❡s é❧é♠❡♥ts ❋✳
❈❤❡③ ❧✬❤♦♠♠❡✱ à ❧✬❛✐❞❡ ❞❡s séq✉❡♥❝❡s ❖❘❋✶ ❡t ❖❘❋✷✱ ✷✼ ❢❛♠✐❧❧❡s ♦♥t été ❞é❝r✐t❡s
✭❋✐❣✉r❡ ✶✳✽❇✮✱ ❝❧❛ssé❡s ❡♥ tr♦✐s ❣r❛♥❞❡s ❧✐❣♥é❡s ▲✶▼❆ ✭♣♦✉r ♠❛♠♠✐❢èr❡✮✱ ▲✶P❇ ❡t ▲✶P❆
✭♣♦✉r ♣r✐♠❛t❡✮ ✭❑❤❛♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❊❧❧❡s r❡♣rés❡♥t❡♥t ✷✷✪ ❞✉ ❣é♥♦♠❡✳ ▲❛ ❞❡r♥✐èr❡
❢❛♠✐❧❧❡ ❛♣♣❛r✉❡ ▲✶P❆✶ ❛✉ss✐ ❛♣♣❡❧é❡ ▲✶❍❙ ✭♣♦✉r ❍✉♠❛✐♥✲s♣é❝✐✜q✉❡✮ ❡st ❧❛ s❡✉❧❡ ❡♥❝♦r❡
❛❝t✐✈❡ ❡♥ t❡r♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥✳ P❛r ❞❡s t❡sts ❞❡ tr❛♥s♣♦s✐t✐♦♥ ❞❛♥s ❞❡s ❝❡❧❧✉❧❡s
✶✼
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
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Ornithorynque
Opossum
Tenrec
Eléphant
Tatou
Musaraigne
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Vache
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Souris
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Humain
L1
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RTE−BovB
RTE−RTE
Other LINE
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C
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Tf_I
Tf_II
Tf_III
Gf_I
A_III
Gf_II
A_I
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N_I
A_V
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100
100
100
100
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100
99
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Types
0.01
❋✐❣✉r❡ ✶✳✽✿ ▲❡s é❧é♠❡♥ts ▲■◆❊ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❆✳ ❆♥♥♦t❛t✐♦♥ ❞❡s s♦✉s✲
❢❛♠✐❧❧❡s ❞❡s é❧é♠❡♥ts ▲■◆❊ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❇✳ P❤②❧♦❣é♥✐❡ ❞❡s s♦✉s✲❢❛♠✐❧❧❡s ▲✶ ❝❤❡③
❧✬❤✉♠❛✐♥ ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❑❤❛♥ ❡t ❛❧✳ ✭✷✵✵✻✮✮✳ ❈✳ P❤②❧♦❣é♥✐❡ ❞❡s s♦✉s✲❢❛♠✐❧❧❡s ▲✶ ❝❤❡③ ❧❛
s♦✉r✐s ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❙♦♦❦❞❡♦ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳
❡♥ ❝✉❧t✉r❡✱ ✐❧ ❛ été ❡st✐♠é q✉✬❡♥tr❡ ✽✵ ❡t ✶✵✵ é❧é♠❡♥ts ▲✶❍❙ ♦♥t ❧❛ ❝❛♣❛❝✐té ❞❡ s❡
♠♦❜✐❧✐s❡r ❝❤❡③ ❧✬❤✉♠❛✐♥ ✭❇r♦✉❤❛ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ▲❡s é❧é♠❡♥ts ▲✶❍❙ ♣❡✉✈❡♥t ❡♥s✉✐t❡ êtr❡
✶✽
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❝❧❛ssés ❡♥ s♦✉s✲❢❛♠✐❧❧❡s ✿ ♣ré✲❚❛ ✭♣♦✉r tr❛♥s❝r✐❜❡❞ ❣r♦✉♣ ❛✮✱ ❚❛✲✵✱ ❚❛✲✶✱ ❚❛✶✲❞✱ ❚❛✶✲♥❞
✭❇♦✐ss✐♥♦t ❡t ❛❧✳✱ ✷✵✵✵✮✳ ▲❛ s♦✉s✲❢❛♠✐❧❧❡ ❚❛✲✵ ❡st ♣❧✉s ❛♥❝✐❡♥♥❡ q✉❡ ❚❛✲✶ ♠❛✐s ❝♦♥t✐❡♥t
❡♥❝♦r❡ ❞❡s é❧é♠❡♥ts ❛❝t✐❢s✳ ▲❡s s♦✉s✲❢❛♠✐❧❧❡s ❚❛✲✶ s♦♥t ❧❡s ♣❧✉s ré❝❡♥t❡s ❡t ❝♦♥t✐❡♥♥❡♥t
❛✉ss✐ ❞❡s é❧é♠❡♥ts ❛❝t✐❢s✳ ❈❡s ❞✐✛ér❡♥t❡s s♦✉s✲❢❛♠✐❧❧❡s ♦♥t été sé♣❛ré❡s s✉r ❧❛ ❜❛s❡
❞❡ ♣♦❧②♠♦r♣❤✐s♠❡s ❞❡ ♥✉❝❧é♦t✐❞❡s ❡t ❞❡ ♣❡t✐t❡s ❞é❧ét✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❛ ❜❛s❡
❞❡ ❞♦♥♥é❡s ❘❡♣❇❛s❡ ♦ù s❡ tr♦✉✈❡ ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ❞❡ ❝❤❛q✉❡ ❢❛♠✐❧❧❡✱ ❛✉❝✉♥❡
séq✉❡♥❝❡ s♣é❝✐✜q✉❡ ♥✬❛ été r❡♣♦rté❡ ♣♦✉r ❧❡s s♦✉s✲❢❛♠✐❧❧❡s ❞❡ ▲✶❍❙✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱
❧♦rs ❞❡ ❧✬❛♥♥♦t❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❘❡♣❡❛t▼❛s❦❡r q✉✐ ✉t✐❧✐s❡ ❘❡♣❇❛s❡✱
❧✬✐♥❢♦r♠❛t✐♦♥ r❡❧❛t✐✈❡ ❛✉① s♦✉s✲❝❧❛ss❡s ❞❡s é❧é♠❡♥ts ▲✶❍❙ ♥❡ ♣❡✉t êtr❡ ❛tt❡✐♥t❡✳
▲❡s é❧é♠❡♥ts ❙■◆❊
▲❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥ é❧é♠❡♥ts ❙■◆❊ ❡st très ❞✐✛ér❡♥t❡ ❡♥tr❡ ❧✬❤✉♠❛✐♥ ❡t ❧❛ s♦✉r✐s ✭❋✐❣✲
✉r❡ ✶✳✾❆✮✳ ▲❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ❡st ❝♦♠♣♦sé❡ ❡♥ ♠❛❥♦r✐té ❞✬é❧é♠❡♥ts ❆❧✉ ✭❛♣♣❡❧és
❝♦♠♠✉♥é♠❡♥t ❇✶ ♠❛✐s ❛♥♥♦tés ❆❧✉ ❞❛♥s ❘❡♣❇❛s❡ ❡t ❘❡♣❡❛t▼❛s❦❡r✮✱ ❇✷✱ ❇✹ ❡t ■❉
✭❲❛t❡rst♦♥ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ■❧s r❡♣rés❡♥t❡♥t ✽✪ ❞✉ ❣é♥♦♠❡ ♠✉r✐♥✳ ❉❡s ét✉❞❡s ❜❛sé❡s
s✉r ❞❡ ❧❛ ❝✉❧t✉r❡ ❝❡❧❧✉❧❛✐r❡ ♦♥t ♠♦♥tré q✉❡ ❧❡s ❢❛♠✐❧❧❡s ❇✶ ❡t ❇✷ ét❛✐❡♥t ❛❝t✐✈❡s ✭❉❡✲
✇❛♥♥✐❡✉① ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♥♦♠❜r❡ ❞✬é❧é♠❡♥ts ❛❝t✐❢s ❡st ✐♥❝♦♥♥✉✳ ❙❡❧♦♥ ❧❛
❞✐✈❡r❣❡♥❝❡ ♣❛r r❛♣♣♦rt à ❧❛ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s✱ ✐❧ ❛ été ❝♦♥❝❧✉ q✉❡ ❝❤❛q✉❡ s♦✉s✲❢❛♠✐❧❧❡
❛ ❝♦♥♥✉ s❛ ♣r♦♣r❡ ♣ér✐♦❞❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ✭■❝❤✐②❛♥❛❣✐✱ ✷✵✶✸✮✳ ❈♦♠♠❡ ♣♦✉r ❧❡s é❧é♠❡♥ts
▲■◆❊✱ q✉❛♥❞ ✉♥❡ s♦✉s✲❢❛♠✐❧❧❡ ❛♣♣❛r❛ît✱ ❧❛ ♣ré❝é❞❡♥t❡ s♦✉s✲❢❛♠✐❧❧❡ ❞❡✈✐❡♥t ✐♥❛❝t✐✈❡✳ ▲❡s
é❧é♠❡♥ts ❙■◆❊ r❡♣rés❡♥t❡♥t ✶✸✳✺✪ ❞✉ ❣é♥♦♠❡ ❞❡ ❧✬❤♦♠♠❡ ❡t s♦♥t ❝♦♠♣♦sés ❞❡ ❞❡✉①
❝❧❛ss❡s ✿ ❧❡s ▼■❘ ✭✷✶✪ ❞❡s ❙■◆❊✮ ✭♣♦✉r ♠❛♠♠❛❧✐❛♥✲✇✐❞❡ ✐♥t❡rs♣❡rs❡❞ r❡♣❡❛t✮ ❡t ❧❡s
❆❧✉ ✭✼✼✪ ❞❡s ❙■◆❊✮✳ ▲❡s ▼■❘✱ q✉✐ ✉t✐❧✐s❡♥t ❧❡s ▲■◆❊✲✷ ♣♦✉r tr❛♥s♣♦s❡r✱ ♦♥t été ❛❝t✐❢s
❛✈❛♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡s ♠❛♠♠✐❢èr❡s ♠❛✐s ✐❧s s♦♥t ✐♥❛❝t✐❢s ❞❡♣✉✐s ✻✵ à ✶✵✵ ▼②❛ ❝❤❡③ ❧❡s
♠❛rs✉♣✐❛✉① ❡t ❧❡s ❡✉t❤ér✐❡♥s ✭❲❛rr❡♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡s
é❧é♠❡♥ts ❆❧✉ ét❛✐❡♥t ❡♥❝♦r❡ ❛❝t✐❢s ❝♦♠♠❡ ❧❡ ♣r♦✉✈❡ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥ é❧é♠❡♥t ❆❧✉ ❞❛♥s ❧❡
❣è♥❡ ◆❋✶ ✐♥❞✉✐s❛♥t ❧❛ ♥❡✉r♦✜❜r♦♠❛t♦s❡ ❞❡ t②♣❡ ■✱ ❛✉ss✐ ❛♣♣❡❧é❡ ♠❛❧❛❞✐❡ ❞❡ ❘❡❝❦❧✐♥❣✲
❤❛✉s❡♥ ✭❲❛❧❧❛❝❡ ❡t ❛❧✳✱ ✶✾✾✶✮✳ ▲❡s é❧é♠❡♥ts ❆❧✉ ♠❡s✉r❡♥t ❡♥✈✐r♦♥ ✸✵✵ ♣❜ ❡t ✶✱✷ ♠✐❧❧✐♦♥s
❞❡ ❝♦♣✐❡s s♦♥t ♣rés❡♥t❡s ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✳ ❊♥ ❡✛❡❝t✉❛♥t ✉♥ ❛❧✐❣♥❡♠❡♥t ♠✉❧t✐♣❧❡
❞❡ ✹✽✵ ✵✵✵ é❧é♠❡♥ts ❆❧✉ ❝♦♠♣❧❡ts✱ ✷✶✸ s♦✉s✲❢❛♠✐❧❧❡s ♦♥t été ❝❛r❛❝tér✐sé❡s ✭Pr✐❝❡ ❡t ❛❧✳✱
✷✵✵✹✮✳ ❊❧❧❡s ♣❡✉✈❡♥t êtr❡ ❝❧❛ssé❡s ❡♥ tr♦✐s s♦✉s✲❢❛♠✐❧❧❡s ♠❛❥❡✉r❡s ✭❋✐❣✉r❡ ✶✳✾❇✮✳ ▲❡s
s♦✉s✲❢❛♠✐❧❧❡s ❆❧✉❏ ❡t ❆❧✉❙ s♦♥t ❧❡s ♣❧✉s ❛♥❝✐❡♥♥❡s t❛♥❞✐s q✉❡ ❧❛ s♦✉s✲❢❛♠✐❧❧❡ ❆❧✉❨ ❡st ❧❛
✶✾
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
s❡✉❧❡ ❡♥❝♦r❡ ❛❝t✐✈❡ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✳ ❊♥✈✐r♦♥ ✶✵✵✵ ❝♦♣✐❡s ❆❧✉❨ ♦♥t ❧❛ ❝❛♣❛❝✐té
❞❡ rétr♦tr❛♥s♣♦s❡r ✭❋r✐❡❞❧✐ ❛♥❞ ❚r♦♥♦✱ ✷✵✶✺✮✳
MIR
tRNA
tRNA−RTE
Alu
Core−RTE
tRNA−Core−RTE
B2
B4
ID
tRNA−C
RTE
Other SINE
A
0 25 50 75 100
Ornithorynque
Opossum
Tenrec
Eléphant
Tatou
Musaraigne
Chauve-souris
Vache
Chien
Lapin
Souris
Rat
Marmouset
Macaque
Chimpanzé
Humain
B
C
SVA (~2Kb)
A(n)(CCCTCT)n Alu-like VNTR SINE-R
D
Pourcentage des SINE
Origine SVA
Cercopithécidés Siamang (~40)
Orang-outan (~ 900)
Gorille (~2300)
Chimpanzé commun (~2700)
Bonobo (~2700)
Homme (~2700)
A
B
C
D
PtA
E
F
A B
A B C D
A B C D PtA
A B C D PtA
A B C D E F
❋✐❣✉r❡ ✶✳✾✿ ▲❡s é❧é♠❡♥ts ❙■◆❊ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❆✳ ❆♥♥♦t❛t✐♦♥ ❞❡s s♦✉s✲
❢❛♠✐❧❧❡s ❞❡s é❧é♠❡♥ts ❙■◆❊ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❇✳ ❆r❜r❡ ♣❤②❧♦❣é♥ét✐q✉❡ ❞❡s s♦✉s✲❢❛♠✐❧❧❡s
❆❧✉ ❝❤❡③ ❧✬❤✉♠❛✐♥ ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ Pr✐❝❡ ❡t ❛❧✳ ✭✷✵✵✹✮✮✳ ❈✳ ▲❡s é❧é♠❡♥ts ❙❱❆ s♦♥t ❞❡s
rétr♦tr❛♥s♣♦s♦♥s ❝♦♠♣♦s✐t❡s ✿ ✉♥❡ séq✉❡♥❝❡ ré♣été❡ ❈❈❈❚❈❚✱ ✉♥ é❧é♠❡♥t ❆❧✉✱ ✉♥❡ ré❣✐♦♥
ré♣été❡ ❡♥ t❛♥❞❡♠ ✭❱◆❚❘ ♣♦✉r ✈❛r✐❛❜❧❡ ♥✉♠❜❡r ♦❢ t❛♥❞❡♠ r❡♣❡❛t✮✱ ✉♥ é❧é♠❡♥t ❙■◆❊✲❘
❞ér✐✈é ❞✬✉♥ rétr♦✈✐r✉s ❡♥❞♦❣è♥❡ s✉✐✈✐ ❞✬✉♥❡ q✉❡✉❡ ♣♦❧②❆✳ ❉✳ ❆r❜r❡ ♣❤②❧♦❣é♥ét✐q✉❡ ❞❡s
é❧é♠❡♥ts ❙❱❆ ❝❤❡③ ❧❡s ♣r✐♠❛t❡s ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❲❛♥❣ ❡t ❛❧✳ ✭✷✵✵✺✮✮
❯♥❡ ❛✉tr❡ ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts ❙■◆❊ ❡st ❛❝t✐✈❡ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ✭❖st❡rt❛❣ ❡t ❛❧✳✱
✷✵✵✸✮✳ ▲❡s é❧é♠❡♥ts ❙❱❆ ✭♣♦✉r ❙■◆❊ ❱◆❚❘ ❆❧✉✮ s♦♥t ❞❡s rétr♦tr❛♥s♣♦s♦♥s ❝♦♠♣♦s✐t❡s
✷✵
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
♥♦♥✲❝♦❞❛♥ts ✭❋✐❣✉r❡ ✶✳✾❈✮ q✉✐ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ❡♥❝♦❞é❡ ❞❛♥s ❧❛
ré❣✐♦♥ ❖❘❋✷ ❞❡s ▲✶ ♣♦✉r s❡ ♠♦❜✐❧✐s❡r✳ ❉❡s é✈è♥❡♠❡♥ts ❞✬✐♥s❡rt✐♦♥ ♦♥t ❞✬❛✐❧❧❡✉rs été
❛ss♦❝✐és à ❞❡s ♠❛❧❛❞✐❡s ❝❤❡③ ❧✬❤♦♠♠❡ ✭❍❛♥❝❦s ❛♥❞ ❑❛③❛③✐❛♥ ❏r✱ ✷✵✶✻✮✳ ■❧s ♠❡s✉r❡♥t
❡♥tr❡ ✷ ❡t ✹ ❦❜ ❡t ✺ ✽✵✵ ❝♦♣✐❡s s♦♥t ❛♥♥♦té❡s ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ❞♦♥t ✺✵ ❛❝t✐✈❡s
✭❋r✐❡❞❧✐ ❛♥❞ ❚r♦♥♦✱ ✷✵✶✺✮✳ ❈❤❛q✉❡ ❞♦♠❛✐♥❡ ♣r♦✈✐❡♥t ♦✉ ❡st ✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡✳ ❯♥
é❧é♠❡♥t ❝♦♠♣❧❡t ♣❡✉t êtr❡ ❞✐✈✐sé ❡♥ ❝✐♥q ♣❛rt✐❡s ✿ ✭✶✮ ✉♥❡ séq✉❡♥❝❡ ❈❈❈❚❈❚ ré♣été❡ s✐①
❢♦✐s✱ ✭✷✮ ✉♥❡ séq✉❡♥❝❡ ❤♦♠♦❧♦❣✉❡ à ❞❡✉① é❧é♠❡♥ts ❆❧✉ ❛♥t✐s❡♥s✱ ✭✸✮ ✉♥❡ séq✉❡♥❝❡ ré♣été❡
❡♥ t❛♥❞❡♠ ♦✉ ❱◆❚❘ ✭♣♦✉r ❱❛r✐❛❜❧❡ ◆✉♠❜❡r ♦❢ ❚❛♥❞❡♠ ❘❡♣❡❛t✮ q✉✐ ❡♥ ♠♦②❡♥♥❡ ♠❡s✉r❡
✽✶✾ ♣❜✱ ✭✹✮ ✉♥❡ séq✉❡♥❝❡ ❛♣♣❡❧é❡ ❙■◆❊✲❘ ✭❘ ♣♦✉r s♦♥ ♦r✐❣✐♥❡ rétr♦✈✐r❛❧❡✮ q✉✐ ❡st ❞ér✐✈é❡
❞❡ ❧❛ ♣❛rt✐❡ ✸✬ ❞✉ ❣è♥❡ ❊♥✈ ❡t ❞✉ ✸✬ ▲❚❘ ❞✬✉♥ rétr♦✈✐r✉s ❡♥❞♦❣è♥❡ ❞❡ t②♣❡ ❍❊❘❱✲❑✶✵✱
✭✺✮ ✉♥❡ séq✉❡♥❝❡ r✐❝❤❡ ❡♥ ❛❞é♥♦s✐♥❡✳ ▲❛ tr❛♥s❝r✐♣t✐♦♥ ❞❡s é❧é♠❡♥ts ❙❱❆ ❡st ❛ss✉ré❡ ♣❛r
❧✬❆❘◆ ♣♦❧②♠ér❛s❡ ■■ ❡t ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❡st ❧❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❡s
é❧é♠❡♥ts ❆❧✉✳ ❆ ❧✬❛✐❞❡ ❞❡ ❧❛ séq✉❡♥❝❡ ❞ér✐✈é❡ ❞✉ rétr♦✈✐r✉s ❡♥❞♦❣è♥❡✱ ✻ s♦✉s✲❢❛♠✐❧❧❡s
❞✬é❧é♠❡♥ts ❙❱❆ ♦♥t été ❞é✜♥✐❡s✱ ♥♦♠♠é❡s ❙❱❆❴❆ à ❙❱❆❴❋ ❞❡ ❧❛ ♣❧✉s ❛♥❝✐❡♥♥❡ à ❧❛
♣❧✉s ré❝❡♥t❡ ✭❋✐❣✉r❡ ✶✳✾❉✮ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡s s♦✉s✲❢❛♠✐❧❧❡s ❙❱❆❴❆ ❡t ❙❱❆❴❇
s♦♥t ❛♣♣❛r✉❡s ✐❧ ② ❛ ✶✸✳✺✻ ▼②❛ ❡t ✶✶✳✺✻ ▼②❛ r❡s♣❡❝t✐✈❡♠❡♥t ❡t s❡ s♦♥t ❛♠♣❧✐✜é❡s ❛✈❛♥t
❧❛ ❞✐✈❡r❣❡♥❝❡ ❞❡s ❣r❛♥❞s s✐♥❣❡s ✭♦r❛♥❣✲♦✉t❛♥✱ ❣♦r✐❧❧❡✱ ❝❤✐♠♣❛♥③é ❡t ❤✉♠❛✐♥✮ ❛❧♦rs q✉❡
❧❡s s♦✉s✲❢❛♠✐❧❧❡s ❙❱❆❴❊ ❡t ❙❱❆❴❋ ♥❡ s♦♥t ♣rés❡♥t❡s q✉❡ ❝❤❡③ ❧✬❤✉♠❛✐♥✳ ▲❡s é❧é♠❡♥ts
❙❱❆ s♦♥t ❞♦♥❝ ❞❡s rétr♦tr❛♥s♣♦s♦♥s q✉❡ ❧✬♦♥ ♥❡ tr♦✉✈❡ q✉❡ ❝❤❡③ ❧❡s ❤♦♠✐♥✐❞és✳
▲❡s é❧é♠❡♥ts à ▲❚❘✴❊❘❱
▲❡s ❊❘❱ s♦♥t ❝❛r❛❝tér✐sés ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡ séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s ❞❡ t②♣❡ ▲❚❘✳
❈❤❡③ ❧✬❤♦♠♠❡✱ ❧❡s é❧é♠❡♥ts ❊❘❱ ♦♥t été ✐♥✐t✐❛❧❡♠❡♥t ♥♦♠♠és ❍❊❘❱ ✭♣♦✉r ❍✉♠❛♥✲
❊❘❱ ✮ ❛✈❡❝ ❧✬❛❥♦✉t ❞✬✉♥❡ ❧❡ttr❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ❛❝✐❞❡ ❛♠✐♥é ❞♦♥t ❧✬❆❘◆ ❞❡ tr❛♥s❢❡rt
✭❆❘◆t✮ s❡rt à ✐♥✐t✐❡r ❧❛ ré✈❡rs❡ tr❛♥s❝r✐♣t✐♦♥ ❡♥ s✬❤②❜r✐❞❛♥t à ❧❛ séq✉❡♥❝❡ P❇❙ ✭♣♦✉r
Pr✐♠❡r ❇✐♥❞✐♥❣ ❙✐t❡✮ ✭❋✐❣✉r❡ ✶✳✶✵❇✮ s✐t✉é❡ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ré❣✐♦♥ ✺✬▲❚❘✳ P❛r ❡①❡♠♣❧❡✱
❧❡s é❧é♠❡♥ts q✉✐ ♣rés❡♥t❡♥t ✉♥ P❇❙ ❛✈❡❝ ✉♥❡ séq✉❡♥❝❡ ❤♦♠♦❧♦❣✉❡ à ✉♥ ❛♥t✐❝♦❞♦♥ ♣♦✉r
❧❡ s✐t❡ s♣é❝✐✜q✉❡ ❞❡ ❧✬❆❘◆t ❞❡ ❧❛ ❧②s✐♥❡ ✭❑✮✱ s♦♥t ❛♣♣❡❧és ❍❊❘❱✲❑✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡
❝❧❛ss✐✜❝❛t✐♦♥ ♥✬❡st ♣❛s ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❛❞éq✉❛t❡✳ ❊♥ ❡✛❡t✱ ❞❡s rétr♦✈✐r✉s ❡♥❞♦❣è♥❡s
♣r♦✈❡♥❛♥t ❞✬✉♥ ♠ê♠❡ ❣r♦✉♣❡ ♣❤②❧♦❣é♥✐q✉❡ ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s séq✉❡♥❝❡s P❇❙ ❞✐✛ér❡♥t❡s✳
❈❤❡③ ❧✬❤♦♠♠❡✱ ❧❡ ❣é♥♦♠❡ ❡st ❝♦♠♣♦sé ❞❡ ✾✳✸✪ ❞✬❊❘❱✳ ▲❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❍❊❘❱✲
▲ s♦♥t ❧❡s ♣❧✉s ❛♥❝✐❡♥s✳ ■❧s s♦♥t ❛♣♣❛r✉s ✐❧ ② ❛ ✶✵✵ à ✶✺✵ ▼②❛ ✭❇❛♥♥❡rt ❛♥❞ ❑✉rt❤✱
✷✵✵✻✮ s✉✐✈✐s ♣❛r ❧❡s ❢❛♠✐❧❧❡s ❍❊❘❱✲❋✴❍ ✐❧ ② ❛ ✼✵ ▼②❛ ❛✈❡❝ ✉♥❡ ❡①♣❛♥s✐♦♥ ❛✉t♦✉r ❞❡
✷✶
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
✷✺ ▼②❛✳ ❈❡♣❡♥❞❛♥t✱ s❡✉❧s ❧❡s é❧é♠❡♥ts ❍❊❘❱✲❑ ❛♣♣❛r✉s ✐❧ ② ❛ ✺✺ ▼②❛✱ ♠♦♥tr❡♥t ❞❡s
s✐❣♥❡s ❞✬❛❝t✐✈✐té✳ ▲❛ s♦✉s✲❢❛♠✐❧❧❡ ❍❊❘❱✲❑✭❍▼▲✲✷✮✱ ❛♣♣❡❧é❡ ❝♦♠♠✉♥é♠❡♥t ❍❊❘❱✲❑
❛✈❡❝ s❛ séq✉❡♥❝❡ ✢❛♥q✉❛♥t❡ ▲❚❘✺ ✭❘❡♣❇❛s❡✮ ❡st ❛♣♣❛r✉❡ ❡♥❝♦r❡ ♣❧✉s ré❝❡♠♠❡♥t ✐❧ ②
❛ ✺ ▼②❛ ❡t ❝♦♥t✐❡♥t ❧❛ séq✉❡♥❝❡ ❝♦❞❛♥t❡ ♣♦✉r ✉♥❡ ❡♥✈❡❧♦♣♣❡✳ ❆✉ ♠♦✐♥s ✶✷✵ ✐♥s❡rt✐♦♥s
❞✬é❧é♠❡♥ts ❍❊❘❱✲❑✭❍▼▲✲✷✮ s♦♥t s♣é❝✐✜q✉❡s à ❧✬❤✉♠❛✐♥✳ ❊♥ ❛♥❛❧②s❛♥t ❧❛ séq✉❡♥❝❡ ❞✉
❣é♥♦♠❡ ❝♦♠♣❧❡t ❞❡ ♣❧✉s ❞❡ ✷✺✵✵ ✐♥❞✐✈✐❞✉s ❞❡ ❞✐✛ér❡♥t❡s ♣♦♣✉❧❛t✐♦♥s ✭❲✐❧❞s❝❤✉tt❡ ❡t ❛❧✳✱
✷✵✶✻✮✱ ✉♥❡ ét✉❞❡ ❛ ❛✐♥s✐ ✐❞❡♥t✐✜é ✸✻ ✐♥s❡rt✐♦♥s ❞✬é❧é♠❡♥ts ❍❊❘❱✲❑✭❍▼▲✷✮ ❛❜s❡♥ts ❞✉
❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡t ♥♦♥✲✜①és ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥✱ ♣r♦✉✈❛♥t ❧✬❛❝t✐✈✐té ré❝❡♥t❡ ❞❡ ❝❡tt❡
❢❛♠✐❧❧❡✳ ❈❡s ✐♥s❡rt✐♦♥s ♣♦❧②♠♦r♣❤✐q✉❡s s♦♥t ♣rés❡♥t❡s ❞❛♥s ✵✳✵✺✪ à ✼✺✪ ❞❡s ✐♥❞✐✈✐❞✉s
séq✉❡♥❝és✳ ▲❛ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡ ❞❡s é❧é♠❡♥ts ❍❊❘❱✲❑ ❡st ❛♥♦r♠❛❧❡♠❡♥t ♣rés❡♥t❡
❞❛♥s ❞❡s ♠❛❧❛❞✐❡s ♥❡✉r♦❣é♥ér❛t✐✈❡s ❝♦♠♠❡ ❧❛ s❝❧ér♦s❡ ❧❛tér❛❧❡ ❛♠②♦tr♦♣❤✐q✉❡ ✭●♦♦❞✐❡r✱
✷✵✶✻✮✳
▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t êtr❡ ❞♦♠❡st✐q✉és ♣❛r ❧❛ ❝❡❧❧✉❧❡ ❤ôt❡ ❡t ♠♦❞✉❧❡r
❧✬❡①♣r❡ss✐♦♥ ❞✬✉♥ rés❡❛✉ ❞❡ ❣è♥❡s ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✸✮✳ ❉❛♥s ❝❡ ❝❛s✱ ✐❧s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✲
✐sés ♣♦✉r ❝❛r❛❝tér✐s❡r ✉♥ t②♣❡ ❝❡❧❧✉❧❛✐r❡✳ ▲❡s é❧é♠❡♥ts ❍❊❘❱✲❍ ✭séq✉❡♥❝❡ ✢❛♥q✉❛♥t❡
❝♦rr❡s♣♦♥❞❛♥t❡ ✿ ▲❚❘✼✮ s♦♥t ❛✐♥s✐ ✉t✐❧✐sés ❝♦♠♠❡ ♠❛rq✉❡✉r ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♣❧✉r✐♣♦✲
t❡♥t❡s ♥❛ï✈❡s ❝❤❡③ ❧❡s ♣r✐♠❛t❡s ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✹❛✮✳ ❈❡s ❝❡❧❧✉❧❡s ❡①♣r✐♠❡♥t à ✉♥ ♥✐✈❡❛✉
é❧❡✈é ❧❡s rétr♦✈✐r✉s ❍❊❘❱✲❍ ❡t ❧❡s ❝♦♣✐❡s ❣é♥♦♠✐q✉❡s ❢♦✉r♥✐ss❡♥t ❞❡s s✐t❡s ❞❡ ✜①❛t✐♦♥
♣♦✉r ❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ♣❧✉r✐♣♦t❡♥❝❡✳ ▲✬✐♥❛❝t✐✈❛t✐♦♥ ❞❡s
❍❊❘❱✲❍ ❝♦♠♣r♦♠❡t ❧❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♣❧✉r✐♣♦t❡♥t❡s✳ P♦✉r ✉♥❡
r❡✈✉❡ s✉r ❧❡ s✉❥❡t✱ s❡ ré❢ér❡r à ❘ö♠❡r ❡t ❛❧✳ ✭✷✵✶✼✮✳
❆❧♦rs q✉❡ ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ♥✬❛ q✉❡ ❧❡s é❧é♠❡♥ts ❍❊❘❱✲❑ ❝♦♠♠❡ ♣♦t❡♥t✐❡❧❧❡♠❡♥t
♠♦❜✐❧❡s✱ ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ❝♦♥t✐❡♥t ♣❧✉s✐❡✉rs ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts ❊❘❱ ❛❝t✐✈❡s ❡t
❡st ❝♦♠♣♦sé ❞❡ ✶✷✪ ❞❡ rétr♦tr❛♥s♣♦s♦♥s à ▲❚❘✳ ❯♥ ❛❧✐❣♥❡♠❡♥t ❞❡s séq✉❡♥❝❡s ❝♦❞é❡s
♣❛r ❧❛ tr❛♥s❝r✐♣t❛s❡ ✐♥✈❡rs❡ ❛ ♣❡r♠✐s ❞❡ ❧❡s ❝❧❛ss❡r ❡♥ ✷✶ ❢❛♠✐❧❧❡s ✭▼❝❈❛rt❤② ❛♥❞ ▼❝✲
❉♦♥❛❧❞✱ ✷✵✵✹✮✳ ❈❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❝❡❧❧❡ ❞é✜♥✐❡ ♣♦✉r ❧❡s ❊❘❱ ✭✈♦✐r
P❛rt✐❡ ✶✳✶✳✷✳✷✮✳ ❊♥ ❡✛❡t✱ ❧❡s ✷✶ ❢❛♠✐❧❧❡s ♣❡✉✈❡♥t êtr❡ r❡❣r♦✉♣é❡s ❡♥ tr♦✐s ❣r❛♥❞❡s ❢❛♠✐❧❧❡s
✿
❈❧❛ss❡ ■ ♦✉ ❊❘❱✶ ✿ ✐❧s s♦♥t ❛♣♣❛r❡♥tés ❛✉① rétr♦✈✐r✉s ❞❡ t②♣❡ ❣❛♠♠❛ ❡t ❣r♦✉♣és
s❡❧♦♥ ❧❡✉r ❤♦♠♦❧♦❣✐❡ ❞❡ séq✉❡♥❝❡ ❛✈❡❝ ❧❡ ✈✐r✉s ❞❡ ❧❛ ❧❡✉❝é♠✐❡ ♠✉r✐♥❡ ✭▼✉▲❱✱ ▼✉r✐♥❡
▲❡✉❦❡♠✐❛ ❱✐r✉s✮✳ ▲❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼✉▲❱ ♦♥t ré❝❡♠♠❡♥t ✐♥té❣ré ❧❡ ❣é♥♦♠❡
♠✉r✐♥ ✐❧ ② ❛ ♠♦✐♥s ❞❡ ✶✺ ▼②❛✳ P❛r♠✐ ❧❡s ❊❘❱✶✱ ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ●▲◆ ✭▼▼❊❘✲
●▲◆ ❞❛♥s ❘❡♣❇❛s❡✮✱ ♥♦♠♠é❡ ♣♦✉r s♦♥ s✐t❡ ❞❡ ✜①❛t✐♦♥ s♣é❝✐✜q✉❡ à ❧✬❆❘◆ ❞❡ tr❛♥s❢❡rt
✷✷
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❞❡ ❧❛ ❣❧✉t❛♠✐♥❡✱ s♦♥t ❛❝t✐❢s✭❙t♦❝❦✐♥❣ ❛♥❞ ❑♦③❛❦✱ ✷✵✵✽✮✳ ❊♥ ❡✛❡t✱ ✉♥❡ ❝♦♣✐❡ ❛ été ✐❞❡♥t✐✲
✜é❡ ❝♦♠♠❡ ❝♦♠♣❧èt❡ ❛✈❡❝ ✉♥ ❞♦♠❛✐♥❡ ❡♥③②♠❛t✐q✉❡ ❝♦❞❛♥t ♣♦✉r ❧❛ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡
q✉✐ ❡st ❢♦♥❝t✐♦♥♥❡❧❧❡ ❝♦♠♠❡ ❡♥ ❛tt❡st❡ ❧❛ ❝❛♣❛❝✐té ❞❡ ❝❡t é❧é♠❡♥t à ✐♥❢❡❝t❡r ❞❡s ❝❡❧❧✉❧❡s
♠✉r✐♥❡s ✭❘✐❜❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❱▲✸✵ ✭♣♦✉r ❱✐r✉s✲❧✐❦❡ ✸✵✱ ❛♥✲
♥♦té❡ ▼▼❱▲✸✵ ❞❛♥s ❘❡♣❇❛s❡✮ s♦♥t ❞❡s rétr♦tr❛♥s♣♦s♦♥s ♥♦♥✲❛✉t♦♥♦♠❡s q✉✐ ♥✬♦♥t ♣❛s
❞❡ ❝❛❞r❡ ❞❡ ❧❡❝t✉r❡ ✭❖❘❋✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❢❛♠✐❧❧❡ s✬❡st ét❡♥❞✉❡ r❛♣✐❞❡♠❡♥t ❞❛♥s ❧❡
❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ✭▼❛r❦♦♣♦✉❧♦s ❡t ❛❧✳✱ ✷✵✶✻✮✳
❈❧❛ss❡ ■■ ♦✉ ❊❘❱✷ ♦✉ ❊❘❱❑ ✿ ❡♥ ♣r♦♣♦rt✐♦♥✱ ❝❡s é❧é♠❡♥ts s♦♥t ✶✵ ❢♦✐s ♣❧✉s
❛❜♦♥❞❛♥ts ❞❛♥s ❧❡ ❣é♥♦♠❡ ♠✉r✐♥ q✉❡ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ❧✬❤♦♠♠❡✳ ■❧s s♦♥t r❡❝♦♥♥✉s ❞❡
♣❛r ❧❡✉r s✐♠✐❧❛r✐té ❛✈❡❝ ❧❡s rétr♦✈✐r✉s ❞❡ t②♣❡ ❜❡t❛✳ P❛r♠✐ ❝❡s é❧é♠❡♥ts✱ ♦♥ ❝♦♠♣t❡ ❧❛
❢❛♠✐❧❧❡ ▼▼❚❱ ✭♣♦✉r ♠♦✉s❡ ▼❛♠♠❛r② ❚✉♠♦r ❱✐r✉s✮✱ s❡✉❧❡♠❡♥t tr♦✐s é❧é♠❡♥ts ❝♦♠✲
♣❧❡ts ♦♥t été ✐❞❡♥t✐✜és ❝♦♠♠❡ ❛❝t✐❢s ✭▼❝❈❛rt❤② ❛♥❞ ▼❝❉♦♥❛❧❞✱ ✷✵✵✹✮✳ ❯♥ ❛✉tr❡ ❣r♦✉♣❡
❡st ❝♦♥♥✉ s♦✉s ❧❡ ♥♦♠ ❞❡ ▼✉s❉✳ ❈❡s é❧é♠❡♥ts ❝♦♥t✐❡♥♥❡♥t ❧❡s ❞♦♠❛✐♥❡s ❡♥③②♠❛t✐q✉❡s
●❛❣ ❡t P♦❧ ♠❛✐s ♥✬♦♥t ♣❛s ❞❡ ❞♦♠❛✐♥❡ ❝♦❞❛♥t ♣♦✉r ❧❛ ♣r♦té✐♥❡ ❞✬❡♥✈❡❧♦♣♣❡✳ ▲❡s é❧é✲
♠❡♥ts ♥♦♥✲❛✉t♦♥♦♠❡s ❊❚♥ ✭♣♦✉r ❊❛r❧② tr❛♥s♣♦s♦♥✮ ❞ér✐✈❡♥t ❞❡s ▼✉s❉ ♠❛✐s ♥✬♦♥t ♣❛s
❞❡ ré❣✐♦♥ ❖❘❋✳ ■❧s s♦♥t ❝❡♣❡♥❞❛♥t ❧❡s ❊❘❱✷ ❧❡s ♣❧✉s ♠✉t❛❣è♥❡s ❡♥ ✉t✐❧✐s❛♥t ❧❡s ♣r♦té✐♥❡s
❡♥❝♦❞é❡s ♣❛r ❧❡s é❧é♠❡♥ts ▼✉s❉ ✭❇❛✉st ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❊♥✜♥✱ ❧❡s é❧é♠❡♥ts ■❆P ✭♣♦✉r
✐♥tr❛❝✐st❡r♥❛❧ ❆✲t②♣❡ ♣❛rt✐❝❧❡s✮ ♣❡✉✈❡♥t êtr❡ ❝❧❛ssés ❡♥ s❡♣t s♦✉s✲❢❛♠✐❧❧❡s ✭◗✐♥ ❡t ❛❧✳✱
✷✵✶✵✮✳ ▲❡s s♦✉s✲❢❛♠✐❧❧❡s ❧❡s ♣❧✉s ré❝❡♥t❡s✱ ■❆P▲❚❘✶ ❡t ■❆P▲❚❘✶❛✱ s♦♥t r❡s♣♦♥s❛❜❧❡s
❞❡ ❧❛ ♠❛❥♦r✐té ❞❡s ✐♥s❡rt✐♦♥s ❞❡ ♥♦✈♦ ❞é❝r✐t❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳
❈❧❛ss❡ ■■■ ♦✉ ❊❘❱✸ ♦✉ ❊❘❱▲ ✿ ❝❡tt❡ ❝❧❛ss❡ ❡st ❧❛ ♣❧✉s ❛♥❝✐❡♥♥❡ ❡t ♣❡✉t êtr❡
❞✐✈✐sé❡ ❡♥ ❞❡✉① s♦✉s✲❝❧❛ss❡s ✿ ❧❡s é❧é♠❡♥ts ▼❊❘❱✲▲ ✭♣♦✉r ▼✉r✐♥❡ ❊❘❱✲▲✱ ❡t ❤♦♠♦✲
❧♦❣✉❡s ❛✉① é❧é♠❡♥ts ❍❊❘❱✲▲ ❞❡ ❧✬❤♦♠♠❡✮ ❡t ❧❡s ▼❛▲❘ ✭♣♦✉r ▼❛♠♠❛❧✐❛♥ ❆♣♣❛r❡♥t
▲❚❘ ❘❡tr♦tr❛♥s♣♦s♦♥s✮✳ ▲❡s ▼❊❘❱▲ ♦♥t été ✐❞❡♥t✐✜és ❡♥ ♣r❡♠✐❡r ❝❤❡③ ❧✬❤✉♠❛✐♥ ♠❛✐s
✐❧s s♦♥t ♣rés❡♥ts ❝❤❡③ t♦✉s ❧❡s ♠❛♠♠✐❢èr❡s ♣❧❛❝❡♥t❛✐r❡s ❞❡♣✉✐s ✼✵ ▼②❛✳ ❈❡♣❡♥❞❛♥t✱
✉♥ s♦✉s✲❣r♦✉♣❡ ❞✬é❧é♠❡♥ts s✬❡st ét❡♥❞✉ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ♣❧✉s ré❝❡♠♠❡♥t
✭♠♦✐♥s ❞❡ ✶✵ ▼②❛✮✳ ▲❡s ▼❊❘❱▲ s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡①♣r✐♠és ❛✉ st❛❞❡ ✷ ❝❡❧❧✉❧❡s ❞✉
❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡ ♠✉r✐♥ ❡t s♦♥t ❞❡s ♠❛rq✉❡✉rs ❞❡ t♦t✐♣♦t❡♥❝❡ ✭▼❛❝❢❛r❧❛♥
❡t ❛❧✳✱ ✷✵✶✷❀ P❡❛st♦♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ◗✉❛♥t à ❡✉①✱ ❧❡s é❧é♠❡♥ts ▼❛▲❘ s♦♥t ❡①♣r✐♠és très
❢♦rt❡♠❡♥t ❞❛♥s ❧✬♦✈♦❝②t❡ ♦ù ✐❧s r❡♣rés❡♥t❡♥t ✶✸✪ ❞✉ tr❛♥s❝r✐♣t♦♠❡✳ ❈❡s é❧é♠❡♥ts s♦♥t
♥♦♥✲❛✉t♦♥♦♠❡s ❡t ♥❡ ❝♦♥t✐❡♥♥❡♥t ♣❛s ❞❡ séq✉❡♥❝❡s ❝♦❞❛♥t❡s✳ ■❧s s♦♥t ❝❧❛ssés ❡♥ ❞❡✉①
s♦✉s✲t②♣❡s ✿ ❧❡s ▼❚ ✭♣♦✉r ▼♦✉s❡ ❚r❛♥s♣♦s♦♥✮ ❡t ❖❘❘✶ ✭♣♦✉r ❖r✐❣✐♥ ❘❡❣✐♦♥ ❘❡♣❡❛t✮
❡t s♦♥t ❛❝t✐❢s ❝❤❡③ ❧❛ s♦✉r✐s✳
✷✸
✶✳✶✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
A
0 25 50 75 100
Ornithorynque
Opossum
Tenrec
Eléphant
Tatou
Musaraigne
Chauve-souris
Vache
Chien
Lapin
Souris
Rat
Marmouset
Macaque
Chimpanzé
Humain
ERV1
ERVK (ERV2)
ERVL (ERV3)
ERVL−MaLR
Gypsy
Other LTR
B
C
Pourcentage des LTR
Famille HERV Nom RepBase 1 Nom alternatif
Classe I
ERV-3 HERV3 (LTR4) HERV-R
ERV-9 HERV9 (LTR12,PTR5) –
HERV-ADP HERVP-71A_I(LTR71A) ADP-pol
HERV-E HERVE (LTR2,2B,2C) 4–1
HERV-F HERVFH19I (LTR19) −
HERV-Fb HERVH48I (MER48) –
HERV-Fc HERV46I (LTR46) −
HERV-FRD MER50I (MER50) −
HERV-H HERVH (LTR7) RTVL-H, RGH
HERV-HS49C23 MER57I (MER57) −
HERV-I HERVI (LTR10) RTVL-I,
HERV-FTD
RRHERV-I HERV15I (LTR15) −
HERV-P HUERS-P3 (LTR9) HuERS-P3
HERV-Rb PABL_BI(PABL_A/B) −
HERV-T HERVS71 (LTR6A,B) S71
HERV-W HERV17 (LTR17) MSRV
HERV-FXA HERVFH21 (LTR21A) HERV-F(XA-34)
Classe II
HERV-K(HML-1) HERVK14I (LTR14A,B) NMWV6
HERV-K(HML-2) HERVK (LTR5) NMWV1, HDTV
HERV-K(HML-3) HERVK9I (MER9) NMWV5
HERV-K(HML-4) HERVK13I (LTR13) HERV-K(T47D)
HERV-K(HML-5) HERVK22I (LTR22,-A,-B) NMWV2
HERV-K(HML-6) HERVK3I (LTR3, 3B) NMWV4
HERV-K(HML-7) HERVK11D1 (MER11D) NMWV7
HERV-K(HML-8) HERVK11I (MER11A,B,C) NMWV3
HERV-K(HML-9) − (− ) NMWV9
HERV-K(C4) HERVKC4 (LTR14) HML-10
HERV-K(14C) HERVK14CI (LTR14C) −
Classe III
HERV16 HERV16 (LTR16, 16A-D) −
HERV-L HERVL (MLT2A1–2B2) −
HERV-S HERV18 (LTR18, 18B) −
1Nom de la partie interne dans RepBase suivi entre parenthèse du nom du LTR 
❋✐❣✉r❡ ✶✳✶✵✿ ▲❡s é❧é♠❡♥ts à ▲❚❘ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❆✳ ❆♥♥♦t❛t✐♦♥ ❞❡s s♦✉s✲
❢❛♠✐❧❧❡s ❞❡s é❧é♠❡♥ts à ▲❚❘ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✳ ❇✳ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❢❛♠✐❧❧❡s ❍❊❘❱
✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❇❛♥♥❡rt ❛♥❞ ❑✉rt❤ ✭✷✵✵✻✮✮✳ P♦✉r ✉♥❡ ❛♥♥♦t❛t✐♦♥ ♣❧✉s ❝♦♠♣❧èt❡✱ s❡ ré❢ér❡r
à ❑♦❥✐♠❛ ✭✷✵✶✽✮✳ ❈✳ ❆r❜r❡ ♣❤②❧♦❣é♥ét✐q✉❡ ❞❡s é❧é♠❡♥ts à ▲❚❘ ❝❤❡③ ❧❛ s♦✉r✐s ✭❋✐❣✉r❡ ✐ss✉❡
❞❡ ❙t♦❝❦✐♥❣ ❛♥❞ ❑♦③❛❦ ✭✷✵✵✽✮✮✳
✷✹
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
✶✳✷ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❡t ♣♦st✲
tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ❡✛❡ts ❞é❧étèr❡s s✉r ❧❡ ❣é♥♦♠❡ ❞✬✉♥
✐♥❞✐✈✐❞✉ ✐♥❞✉✐s❛♥t ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❡t ❞❡s ♠❛❧❛❞✐❡s ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✸✮✳ ❉❡s ♠é❝❛♥✐s♠❡s
♦♥t été ♠✐s ❡♥ ♣❧❛❝❡ ♣♦✉r ♠✐♥✐♠✐s❡r ❧❡✉r ✐♠♣❛❝t✱ à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✉ ❝②❝❧❡ ❞❡ ✈✐❡ ❞✉ ❊❚✳
❚♦✉t ❞✬❛❜♦r❞✱ ❛✉ ♥✐✈❡❛✉ tr❛♥s❝r✐♣t✐♦♥♥❡❧✱ ❞❡s ✈♦✐❡s ♠ét❛❜♦❧✐q✉❡s ❜❧♦q✉❡♥t ❧✬❡①♣r❡ss✐♦♥
❞❡s ❊❚✳ ❉✬❛✉tr❡s ♠é❝❛♥✐s♠❡s ♣❡✉✈❡♥t ❛❣✐r ❛✉ ♥✐✈❡❛✉ ♣♦st✲tr❛♥s❝r✐♣t✐♦♥♥❡❧ ❡♥ ❞é❣r❛❞❛♥t
♦✉ ♠♦❞✐✜❛♥t ❧❡ tr❛♥s❝r✐t ❞❡s ❊❚✳ ❊♥✜♥✱ ❧✬✐♥té❣r❛t✐♦♥ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ♥♦✉✈❡❧❧❡s ❝♦♣✐❡s
♣❡✉t ❛✉ss✐ êtr❡ ❝✐❜❧é❡ ♣❛r ❞❡s ❢❛❝t❡✉rs q✉✐ ❜❧♦q✉❡♥t ❧✬✐♥s❡rt✐♦♥✳
❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❛❧❧♦♥s t♦✉t ❞✬❛❜♦r❞ ✈♦✐r ❝♦♠♠❡♥t ❧✬✐♥❢♦r♠❛t✐♦♥ ❣é♥ét✐q✉❡
✈✐❛ ❧❛ ❝❤r♦♠❛t✐♥❡ ❡st ♦r❣❛♥✐sé❡ ❞❛♥s ❧❡ ♥♦②❛✉ ❞❡s ❝❡❧❧✉❧❡s✳ ◆♦✉s ✈❡rr♦♥s ❡♥s✉✐t❡ ❧❡s ♠é✲
❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❧❡s ♣❧✉s ❝♦♥♥✉s ❛❣✐ss❛♥t s✉r ❧❡s ❊❚ ✿ ❧❛ ♠ét❤②✲
❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡t ❝❡rt❛✐♥❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ❤✐st♦♥❡s✳ ❊♥✜♥✱ ♥♦✉s ❛❜♦r❞❡r♦♥s ✉♥
❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❞é❣r❛❞❛t✐♦♥ ❞❡s tr❛♥s❝r✐ts ❞❡ ❊❚ ✿ ❧❡ ❝♦♠♣❧❡①❡ P■❲■✲♣✐❘◆❆✳ ◆♦✉s
♥✬❛❜♦r❞❡r♦♥s ♣❛s ❧❡s ✈♦✐❡s ♠ét❛❜♦❧✐q✉❡s ❜❧♦q✉❛♥t ❧✬✐♥s❡rt✐♦♥ ❞❡s ❊❚ ❞❛♥s ❧❡ ❣é♥♦♠❡ q✉✐
✐♠♣❧✐q✉❡♥t s♦✉✈❡♥t ❧❡s ✈♦✐❡s ❞❡ ré♣❛r❛t✐♦♥ ❞❡ ❧✬❆❉◆✳ P♦✉r ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡
s✉r ❧❡ s✉❥❡t✱ s❡ ré❢ér❡r à ●♦♦❞✐❡r ✭✷✵✶✻✮❀ ❨❛♠❛❣✉❝❤✐ ❡t ❛❧✳ ✭✷✵✶✺✮✳
✶✳✷✳✶ ▲❛ ❝❤r♦♠❛t✐♥❡
❈❤❛q✉❡ ❝❡❧❧✉❧❡ ❞✐♣❧♦ï❞❡ ❤✉♠❛✐♥❡ ❝♦♥t✐❡♥t ❡♥✈✐r♦♥ ❞❡✉① ♠ètr❡s ❞✬❆❉◆ ✭✻ ♠✐❧❧✐❛r❞s
❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡ ✭♣❜✮ q✉✐ ♠❡s✉r❡♥t ❝❤❛❝✉♥❡ ✵✳✸✹ ♥❛♥♦♠ètr❡ ✭♥♠✮✮✳ ❈❡tt❡ ❧♦♥❣✉❡
♠♦❧é❝✉❧❡ ❞✬❆❉◆ ❡st st♦❝❦é❡ ❞❛♥s ❧❡ ♥♦②❛✉ ❝❡❧❧✉❧❛✐r❡ q✉✐ ♠❡s✉r❡ ❡♥tr❡ ✶✵ ❡t ✷✵ ♠✐✲
❝r♦♠ètr❡s ✭µ♠✮ ❞❡ ❞✐❛♠ètr❡✱ s♦✐t ❡♥tr❡ ✶✳10−5 ❡t ✷✳10−5♠✳ ❈❡ s✐♠♣❧❡ ❝♦♥st❛t q✉❡s✲
t✐♦♥♥❡ s✉r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❞❛♥s ✉♥ ♥♦②❛✉ s✐ ♣❡t✐t✳ ❉❡s ♣r♦té✐♥❡s ❡ss❡♥t✐❡❧❧❡s
❝♦♠♣❛❝t❡♥t ❧✬❆❉◆ ♣♦✉r q✉✬✐❧ s♦✐t st♦❝❦é ❞❛♥s ❝❡t ❡s♣❛❝❡ ♠✐❝r♦s❝♦♣✐q✉❡✱ ✐❧ s✬❛❣✐t ❞❡s
❤✐st♦♥❡s✳ ❯♥ ♥✉❝❧é♦s♦♠❡ ❡st ❢♦r♠é ❞❡ ✶✹✻ ♣❜ ❞✬❆❉◆ ❡♥r♦✉❧é ❛✉t♦✉r ❞✬✉♥ ♦❝t❛♠èr❡
❞✬❤✐st♦♥❡s ✭❋✐❣✉r❡ ✶✳✶✶❆✮✳ ▲✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s ♥✉❝❧é♦s♦♠❡s ❢♦r♠❡ ✉♥❡ ✜❜r❡ ❞❡ ❝❤r♦♠❛✲
t✐♥❡ ❞❡ ✶✶♥♠✳ ❈❡tt❡ ✜❜r❡ ❡st ❡♥s✉✐t❡ ❝♦♠♣❛❝té❡ ♣♦✉r ❢♦r♠❡r ✉♥❡ str✉❝t✉r❡ ❞❡ ✸✵♥♠ ✈✐❛
❧✬❤✐st♦♥❡ ✧❧✐♥❦❡r✧ ❍✶ q✉✐ s❡ ❧✐❡ à ❧✬❆❉◆ ❡♥ ❛♠♦♥t ❡t ❡♥ ❛✈❛❧ ❞✉ ♥✉❝❧é♦s♦♠❡ ♣♦✉r str✉❝✲
t✉r❡r ❡t st❛❜✐❧✐s❡r ❧❛ ✜❜r❡ ❞❡ ❝❤r♦♠❛t✐♥❡✳ ▲❛ ❝❤r♦♠❛t✐♥❡ s✉❜✐t ❡♥❝♦r❡ ✉♥ ❞❡r♥✐❡r ♥✐✈❡❛✉
❞❡ ❝♦♠♣❛❝t✐♦♥ ♣♦✉r ❢♦r♠❡r ❞❡s ❜♦✉❝❧❡s ❞✬❡♥✈✐r♦♥ ✸✵✵♥♠ ❞❡ ❧♦♥❣✉❡✉r✳ ❈❡tt❡ ✜❜r❡ ❡st
✜♥❛❧❡♠❡♥t r❡♣❧✐é❡ s✉r ❡❧❧❡✲♠ê♠❡ ♣♦✉r ❞♦♥♥❡r ❧✐❡✉ à ❧❛ ❢♦r♠❡ ❝♦♥♥✉❡ ❞✉ ❝❤r♦♠♦s♦♠❡✳
✷✺
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
H3 H4 H2A H2B
H3-H4
Dimère
H3-H4
Tétramère
H2A-H2B
Dimère
Octamère
ADN
Nucléosome
Centromère
2 nm
11 nm
700 nm
1,400 nm
30 nm
300 nm
Double hélice de l’ADN
ADN + octomère
d’histones = nucléosome
Fibre de 30nm
Section condensée 
d’un chromosome
Chromosome mitotique
Formation de boucles
A B
❋✐❣✉r❡ ✶✳✶✶✿ ❙tr✉❝t✉r❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✳ ❆✳ ▲❛ ♠♦❧é❝✉❧❡ ❞✬❆❉◆ ❡st r❡♣❧✐é❡ s✉r ❡❧❧❡✲
♠ê♠❡ ❛✈❡❝ ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞❡ ❝♦♥❞❡♥s❛t✐♦♥✳ ▲✬❆❉◆ ❡st t♦✉t ❞✬❛❜♦r❞ ❡♥r♦✉❧é❡ ❛✉t♦✉r
❞❡s ❤✐st♦♥❡s ♣♦✉r ❢♦r♠❡r ✉♥ ♥✉❝❧é♦s♦♠❡✳ ▲❛ ✜❜r❡ ❞❡ ❝❤r♦♠❛t✐♥❡✱ ❝♦♠♣♦sé❡ ❞✬❤✐st♦♥❡s
❡t ❞✬❆❉◆✱ ❡st ❡♥s✉✐t❡ ❡♥r♦✉❧é❡ ♣♦✉r ❢♦r♠❡r ✉♥❡ str✉❝t✉r❡ ❞❡ ✸✵✵ ♥♠✳ ❈❡tt❡ ❞❡r♥✐èr❡
❡st ❝♦♥❞❡♥sé❡ ♣♦✉r ❢♦r♠❡r ❧❛ ❝❤r♦♠❛t✐❞❡ ❞✉ ❝❤r♦♠♦s♦♠❡ ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❋❡❧s❡♥❢❡❧❞ ❛♥❞
●r♦✉❞✐♥❡ ✭✷✵✵✸✮✮✳ ❇✳ ❯♥ ♥✉❝❧é♦s♦♠❡ ❝♦♥t✐❡♥t ✉♥ ♦❝t❛♠èr❡ ❞❡ ♣r♦té✐♥❡s ❤✐st♦♥❡s✳ ❈❡t
♦❝t❛♠èr❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ tétr❛♠èr❡ ❍✸✲❍✹ ❡t ❞❡ ❞❡✉① ❞✐♠èr❡s ❍✷❆✲❍✷❇ ✭❋✐❣✉r❡ ✐ss✉❡
❞❡ ❈❤❡♥ ❡t ❛❧✳ ✭✷✵✶✹✮✮ P♦✉r ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♥✉❝❧é♦s♦♠❡✱ s❡ ré❢ér❡r à
❈✉tt❡r ❛♥❞ ❍❛②❡s ✭✷✵✶✺✮✳
▲❛ ❝❤r♦♠❛t✐♥❡ ❞♦✐t êtr❡ à ❧❛ ❢♦✐s très ❝♦♥❞❡♥sé❡ ♣♦✉r êtr❡ st♦❝❦é❡ ❞❛♥s ❧❡ ♥♦②❛✉ ♠❛✐s
❛✉ss✐ ❛❝❝❡ss✐❜❧❡ ♣♦✉r êtr❡ ♠♦❞✐✜é❡ ❡t ❧✉❡ ♣❛r ❞❡s ❝♦♠♣❧❡①❡s ♣r♦té✐q✉❡s✳ ❊❧❧❡ ❞♦✐t ❞♦♥❝
♠❛✐♥t❡♥✐r ✉♥❡ ❝❡rt❛✐♥❡ ♣❧❛st✐❝✐té✳ ❊♥ ✶✾✷✽✱ ❧❛ ❝❤r♦♠❛t✐♥❡ ❡st ❞é❝r✐t❡ ❝♦♠♠❡ ♣rés❡♥t❡
s♦✉s ❞❡✉① ét❛ts✱ ❧✬❡✉❝❤r♦♠❛t✐♥❡ ❡t ❧✬❤étér♦❝❤r♦♠❛t✐♥❡ ✭❍❡✐t③✱ ✶✾✷✽✮✳ ▲✬❡✉❝❤r♦♠❛t✐♥❡ ❡st
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ✜❜r❡ ❞é❝♦♥❞❡♥sé❡ ❡t ❛❝❝❡ss✐❜❧❡✱ s♦✉✈❡♥t r✐❝❤❡ ❡♥ ❣è♥❡s ❡t ♣ré❢ér❡♥✲
t✐❡❧❧❡♠❡♥t ❧♦❝❛❧✐sé❡ à ❧✬✐♥tér✐❡✉r ❞✉ ♥♦②❛✉✳ ▲✬❤étér♦❝❤r♦♠❛t✐♥❡ ❡st q✉❛♥t à ❡❧❧❡ ✉♥ ét❛t
❝♦♠♣❛❝t ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ♦ù ❧❡s ❣è♥❡s s♦♥t ❞✐✣❝✐❧❡s ❞✬❛❝❝ès✱ ♣❧✉tôt ❧♦❝❛❧✐sé❡ ❡♥ ♣é✲
r✐♣❤ér✐❡ ❞✉ ♥♦②❛✉✳ ▲❡s ré❣✐♦♥s ❤étér♦❝❤r♦♠❛t✐q✉❡s ♣❡✉✈❡♥t êtr❡ ❞✐✈✐sé❡s ❡♥ ❤étér♦❝❤r♦✲
♠❛t✐♥❡ ❝♦♥st✐t✉t✐✈❡ ❡t ❢❛❝✉❧t❛t✐✈❡✳ ▲✬❤étér♦❝❤r♦♠❛t✐♥❡ ❝♦♥st✐t✉t✐✈❡ ❡st ♣❛✉✈r❡ ❡♥ ❣è♥❡s
❡t s❡ s✐t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ str✉❝t✉r❡s r✐❝❤❡s ❡♥ ré♣ét✐t✐♦♥s✱ ❛✉ ♥✐✈❡❛✉ ❞❡s
té❧♦♠èr❡s ❡t ❞❡s ❝❡♥tr♦♠èr❡s✳ ▲✬❤étér♦❝❤r♦♠❛t✐♥❡ ❢❛❝✉❧t❛t✐✈❡ ❝♦♥t✐❡♥t ❞❡s ❣è♥❡s q✉✐ ♥❡
s♦♥t ♣❛s tr❛♥s❝r✐ts ♠❛✐s ✐❧ s✬❛❣✐t ❞✬✉♥ ét❛t ré✈❡rs✐❜❧❡ q✉✐ ❞é♣❡♥❞ ❞✉ st❛❞❡ ❞❡ ❞é✈❡❧♦♣♣❡✲
✷✻
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
♠❡♥t✳
❯♥ ♥✉❝❧é♦s♦♠❡ ❡st ❝♦♠♣♦sé ❞❡ ✶✹✻ ♣❜ ❞✬❆❉◆ ❡t ❞✬✉♥ ♦❝t❛♠èr❡ ❞✬❤✐st♦♥❡s ✭❋✐❣✲
✉r❡ ✶✳✶✶❇✮✳ ▲❡s ❤✐st♦♥❡s s♦♥t ❞❡s ♣❡t✐t❡s ♣r♦té✐♥❡s ✭✶✶✲✶✺❦❉❛✮ q✉✐ s♦♥t très ❝♦♥s❡r✈é❡s
❝❤❡③ ❧❡s ❡✉❝❛r②♦t❡s✳ ▲✬♦❝t❛♠èr❡ ❞✬❤✐st♦♥❡s ❝♦♥t✐❡♥t ❞❡✉① ❞✐♠èr❡s ❍✷❆✲❍✷❇ ❡t ✉♥ té✲
tr❛♠èr❡ ❍✸✲❍✹✳ ▲❡s ♣r♦té✐♥❡s ❤✐st♦♥❡s s♦♥t ❝♦♠♣♦sé❡s ❞✬✉♥ ❞♦♠❛✐♥❡ ❝❡♥tr❛❧ ❝♦♥s❡r✈é
❛♣♣❡❧é ❧❡ ❞♦♠❛✐♥❡ ❤✐st♦♥❡✲❢♦❧❞✳ ❈❡ ♠♦t✐❢ ♣❡r♠❡t ❞❡ ❝ré❡r ❞❡s ❞✐♠èr❡s ❞✬❤✐st♦♥❡s st❛❜❧❡s
✭❍✷❆✲❍✷❇ ❡t ❍✸✲❍✹✮✳ ▲❡s ❡①tré♠✐tés ◆✲t❡r♠✐♥❛❧❡s ❞❡s ❤✐st♦♥❡s✱ ❛✉ss✐ ❛♣♣❡❧é❡s q✉❡✉❡s
❞❡s ❤✐st♦♥❡s✱ ♥❡ s♦♥t ♣❛s str✉❝t✉r❡❧❧❡♠❡♥t ❞é✜♥✐❡s ❡t ❞é♣❛ss❡♥t ❞✉ ❝♦❡✉r ❞✉ ♥✉❝❧é♦s♦♠❡✳
❈❡s ❡①tré♠✐tés✱ r✐❝❤❡s ❡♥ ❧②s✐♥❡s ❡t ❛r❣✐♥✐♥❡s✱ ♣❡r♠❡tt❡♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♥✉❝❧é♦✲
s♦♠❡s ❞❛♥s ❧❛ str✉❝t✉r❡ ❝♦♥❞❡♥sé❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✳ ▲❛ ❞é❧ét✐♦♥ ❞❡ ❝❡s q✉❡✉❡s ✐♥❞✉✐t ❧❡
❞ér♦✉❧❡♠❡♥t ❞❡ ❧✬❆❉◆ ❛✉t♦✉r ❞❡ ❧✬♦❝t❛♠èr❡ ❞✬❤✐st♦♥❡s ❡t ✉♥ ❛❝❝ès ♣❧✉s ❢❛❝✐❧❡ à ❧✬❆❉◆
✭❈✉tt❡r ❛♥❞ ❍❛②❡s✱ ✷✵✶✺✮✳ ❊♥ ❡✛❡t✱ ✐❧ ❛ été ♠♦♥tré q✉✬❡❧❧❡s ét❛✐❡♥t ✐♠♣♦rt❛♥t❡s ♣♦✉r
❧✬✐♥t❡r❛❝t✐♦♥ ❆❉◆✲❤✐st♦♥❡ ❡t ♣♦✉r ❧❛ st❛❜✐❧✐té ❞✉ ♥✉❝❧é♦s♦♠❡ ✭■✇❛s❛❦✐ ❡t ❛❧✳✱ ✷✵✶✸✮✳
N’-
N’-
-N’
-N’
-C’
-C’
PAc
Ub
Me
Ac Ac Ac
UbAc
Ac Ac Ac AcAcP
Ac
Me
P
Ac
Me
Ac
Me
Ac
Me
Ac
Me
Ac
Me
Ac
Me
Ac
MeP
PPPP
AcMe AcAc
Ac MeMeMeMe
Ub
Me Ac
P
Acéthylation
PhosphorylationUbiquitination
Méthylation
1
1
1
1
10
10
10
10 20
20
20
20
30
120
119
    
  
    
Histone   Acide aminé  
H2A  Phosphorylation Mitose; assemblage de la chromatine   
Acétylation
 
Activation de la transcription
  
   
 
Spermatogenèse
 Ubiquitination
 
Répression de la transcription
  
   
   
   
   
   
   
  
   
  
Euchromatine permissive
  
     
     
   
Fonction
S1
K4, K5, K7
K119Phosphorylation
K119
H3 Diméthylation K4
Elongation transcriptionnelle; euchromatine activeTriméthylation K4
Répression de la transcription; méthylation de l’ADNTriméthylation K9
Activation de la transcriptionMonométhylation R17
Répression de la transcription; Inactivation de l’XTriméthylation K27
Elongation transcriptionnelleTriméthylation K36
Activation de la transcriptionAcétylation K4, K27
Activation de la transcription; déposition histoneAcétylation K9
Activation de la transcription; réparation de l’ADNAcétylation K14, K18, K23
MitosePhosphorylation T3, T11, S28
Mitose; méiose: activation de la transcriptionPhosphorylation T10
Modication
    
  
  
 
Histone   Acide aminé  
    
   
   
  
   
   
   
   
   
   
   
  
   
 
 
  
 
    
 
 
FonctionModication
  H2B
  
Apoptose
 
S33
  
  
  
S14Phosphorylation
Phosphorylation Activation de la transcription
K5, K11, K12, 
K15, K16, K20
Activation de la transcription
K120
K123
Acétylation
Ubiquitination
Ubiquitination
Spermtatogenèse/ méiose
Activation de la transcription
    
    
 
 
H4 Activation de la transcriptionMonométhylation R3
Répression de la transcriptionMonométhylation K20
HétérochromatineTriméthylation K20
Déposition histone; activation de la transcription; 
réparation de l’ADN
Acétylation K5
 
 Activation et élongation de la transcription; 
réparation de l’ADN
Acétylation K8
  Activation de la transcription; déposition histone; 
répression des télomères; réparation de l’ADN
Acétylation K12
  
 
Activation de la transcription; réparation de l’ADNAcétylation K16
MitosePhosphorylation S1
❋✐❣✉r❡ ✶✳✶✷✿ ▼♦❞✐✜❝❛t✐♦♥s ❞❡s ❤✐st♦♥❡s✳ ▼♦❞✐✜❝❛t✐♦♥s ❞❡s ❤✐st♦♥❡s ❡t ❧❡✉rs ❢♦♥❝t✐♦♥s
❝♦♥♥✉❡s ✭❋✐❣✉r❡s ✐ss✉❡s ❞❡ ❲❛❧t❡r ✭✷✵✶✺✮ ❡t ❞❡ ▲❛✇r❡♥❝❡ ❡t ❛❧✳ ✭✷✵✶✻✮✮✳
❉❡ ♣❛r ❧❡✉r ❛❝❝❡ss✐❜✐❧✐té✱ ❧❡s q✉❡✉❡s ❞❡s ❤✐st♦♥❡s ♣❡✉✈❡♥t êtr❡ ♠♦❞✐✜é❡s ♣❛r ❞❡s ❡♥✲
③②♠❡s s♣é❝✐❛❧✐sé❡s ❛❣✐ss❛♥t ❣é♥ér❛❧❡♠❡♥t s✉r ❧❡s rés✐❞✉s ❧②s✐♥❡ ❡t ❛r❣✐♥✐♥❡ ❞❡s ❤✐st♦♥❡s
✷✼
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❍✸ ❡t ❍✹ ✭❋✐❣✉r❡ ✶✳✶✷✮✳ ❈❡s ♠♦❞✐✜❝❛t✐♦♥s ♣♦st✲tr❛❞✉❝t✐♦♥♥❡❧❧❡s ✭P❚▼ ♣♦✉r P♦st✲
tr❛♥s❧❛t✐♦♥❛❧ ♠♦❞✐✜❝❛t✐♦♥✮✱ ✐♥❝❧✉❛♥t ❛❝ét②❧❛t✐♦♥✱ ♠ét❤②❧❛t✐♦♥✱ ♣❤♦s♣❤♦r②❧❛t✐♦♥✱ ✉❜✐q✉✐✲
t✐♥❛t✐♦♥ s♦♥t ❝♦♠❜✐♥é❡s ❧❡ ❧♦♥❣ ❞✬✉♥❡ q✉❡✉❡ ❞✬❤✐st♦♥❡✳ ❈❡s P❚▼ ❥♦✉❡♥t ✉♥ rô❧❡ s✉r ❧❛
str✉❝t✉r❡ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✱ ❞❡ ♠❛♥✐èr❡ ❞✐r❡❝t❡ ♦✉ ✐♥❞✐r❡❝t❡✳ ❊♥ t❡r♠❡ ❞❡
♠é❝❛♥✐s♠❡s ❞✐r❡❝ts✱ ❧✬❛❝ét②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✭❑✮ ✶✻ ❞❡ ❧✬❤✐st♦♥❡ ❍✹ ✭❍✹❑✶✻❛❝✮ ré❞✉✐t
❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ✜❜r❡ ❝♦♠♣❛❝t❡ ❞❡ ✸✵♥♠ ❡t r❛❧❡♥t✐t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✐♥t❡r❛❝t✐♦♥s ❞❛♥s
❧❛ ✜❜r❡ ❞❡ ❝❤r♦♠❛t✐♥❡ ✭❙❤♦❣r❡♥✲❑♥❛❛❦✱ ✷✵✵✻✮✳ ❆ ❧✬✐♥✈❡rs❡✱ ✐❧ ❛ été ❞é♠♦♥tré ✐♥✲✈✐✈♦
q✉❡ ❧❛ tr✐♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✷✵ ❞❡ ❧✬❤✐st♦♥❡ ❍✹ ✭❍✹❑✷✵♠❡✸✮ ✐♥❞✉✐s❛✐t ❧❛ ❢♦r♠❛t✐♦♥
❞✬✉♥❡ ❝❤r♦♠❛t✐♥❡ ❝♦♥❞❡♥sé❡ ✭▲✉ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ♠❛rq✉❡s ❛❣✐ss❛♥t ❞✐✲
r❡❝t❡♠❡♥t s✉r ❧❛ ❝❤r♦♠❛t✐♥❡ s❡♠❜❧❡♥t êtr❡ ✉♥❡ ❡①❝❡♣t✐♦♥✳ ▲❡s ♠♦❞✐✜❝❛t✐♦♥s ❞✬❤✐st♦♥❡s
❛❣✐ss❡♥t ❣é♥ér❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ✐♥❞✐r❡❝t❡ s✉r ❧❛ ❜✐♦❧♦❣✐❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ✈✐❛ ❧❡ r❡❝r✉t❡✲
♠❡♥t ❞❡ ❝♦♠♣❧❡①❡s ♣r♦té✐q✉❡s ❝♦♥t❡♥❛♥t ❞❡s ♠♦t✐❢s ❞❡ ❧✐❛✐s♦♥ à ❞❡s ♠❛rq✉❡s ❞✬❤✐st♦♥❡s
♣❛rt✐❝✉❧✐èr❡s✳ P♦✉r ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ s✉r ❧❡ s✉❥❡t✱ s❡ ré❢ér❡r à ❇❛♥♥✐st❡r ❛♥❞
❑♦✉③❛r✐❞❡s ✭✷✵✶✶✮❀ ▲❛✇r❡♥❝❡ ❡t ❛❧✳ ✭✷✵✶✻✮✳
✶✳✷✳✷ ▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆
▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ♣♦st✲ré♣❧✐❝❛t✐✈❡ q✉✐✱ ❝❤❡③ ❧❡s ❡✉❝❛r②✲
♦t❡s✱ s❡ ♣r♦❞✉✐t ❡①❝❧✉s✐✈❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s ❝②t♦s✐♥❡s✳ ❈✬❡st ❧✬❛❥♦✉t ❞✬✉♥ ❣r♦✉♣❡♠❡♥t
♠ét❤②❧❡ s✉r ❧❡ ❝❛r❜♦♥❡ ✺ ❞✉ ❝②❝❧❡ ♣②r✐♠✐❞✐q✉❡ ✭❋✐❣✉r❡ ✶✳✶✸❆✮✳ ❈❤❡③ ❧❡s ✈❡rté❜rés✱ ❧❛
♠ét❤②❧❛t✐♦♥ ❡st ❧❡ ♣❧✉s s♦✉✈❡♥t r❡tr♦✉✈é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❞✐♥✉❝❧é♦t✐❞❡s ❈♣●✳ ▲❛ s②♠étr✐❡
❞❡ séq✉❡♥❝❡s ❞❡ ❝❡s s✐t❡s ♣❡r♠❡t ❡♥ ❡✛❡t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❝❡tt❡ ♠❛rq✉❡ ❛✉ ❝♦✉rs ❞❡ ❧❛
ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆✳
▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉r❛✐t été ❞ét❡❝té❡ ❞ès ✶✾✷✺ ♣❛r ❏♦❤♥s♦♥ ❚✳ ❡t ❈♦❣❤✐❧❧ ❘✳
❝❤❡③ ❧❛ ❜❛❝tér✐❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ t✉❜❡r❝✉❧♦s❡✱ ▼②❝♦❜❛❝t❡r✐✉♠ t✉❜❡r❝✉❧♦s✐s ✭❏♦❤♥s♦♥ ❛♥❞
❈♦❣❤✐❧❧✱ ✶✾✷✺✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ♣r❡♠✐èr❡ ♦❜s❡r✈❛t✐♦♥ r❡st❡ s✉❥❡t à ❝♦♥tr♦✈❡rs❡ ❡t ❝✬❡st
s❛♥s ❛♠❜✐❣✉ïté ❡♥ ✶✾✹✽ q✉❡ ❍♦t❝❤❦✐ss ❞ét❡❝t❡ ♣❛r ❝❤r♦♠❛t♦❣r❛♣❤✐❡ ❞❡ ❧②s❛ts ❞❡ t❤②♠✉s
❞❡ ✈❡❛✉ ✉♥ ♣r♦✜❧ ❞❡ ♠✐❣r❛t✐♦♥ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❝❡❧✉✐ ❞❡ ❧❛ ✺✲♠❡t❤②❧❝②t♦s✐♥❡ ✭❍♦t❝❤❦✐ss✱
✶✾✷✷✮✳ ❈✬❡st ❡♥ ✶✾✼✺✱ q✉❡ ❘✐❣❣s ✭✶✾✼✺✮✱ ❍♦❧❧✐❞❛② ❛♥❞ P✉❣❤ ✭✶✾✼✺✮ ♣r♦♣♦s❡♥t q✉❡ ❧❛
♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❥♦✉❡ ✉♥ rô❧❡ ❞❛♥s ❧❛ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❡t ❧❛ ré❣✉❧❛t✐♦♥ ❞❡
❧❛ tr❛♥s❝r✐♣t✐♦♥ ❡t s❡rt ❞❡ ♠é♠♦✐r❡ ❝❡❧❧✉❧❛✐r❡✳
❈❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ ❡♥✈✐r♦♥ ✺✪ ❞❡s ❝②t♦s✐♥❡s ❡t ❡♥tr❡ ✼✵ ❡t ✽✵✪ ❞❡s ❝②t♦s✐♥❡s ❡♥
❝♦♥t❡①t❡ ❈● s♦♥t ♠ét❤②❧é❡s ❞❛♥s ❞❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s ✭❋✐❣✉r❡ ✶✳✶✸❇✮✳ P❛r ❡①❡♠♣❧❡✱
❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❡ t②♣❡ ▲■◆❊✱ ❙■◆❊ ❡t à ▲❚❘ s♦♥t ❢♦rt❡♠❡♥t ♠ét❤②❧és✳ ❊♥
✷✽
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
ON
N
NH2
ADN
C
ON
N
NH2
ADN
5mC
H C
3
A
B
SAM
(SAH-CH )
3
SAH
❋✐❣✉r❡ ✶✳✶✸✿ ▼ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✳ ❆✳ ▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ❧✬❛❥♦✉t ❞✬✉♥
❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝❛r❜♦♥❡ ✺ ❞❡ ❧❛ ❝②t♦s✐♥❡✳ ❙❆▼ ✲ ❙✲❛❞é♥♦s②❧♠ét❤✐♦♥✐♥❡✱
❙❆❍ ✲ ❙✲❛❞é♥♦s②❧✲▲✲❤♦♠♦❝②sté✐♥❡ ❇✳ ❉✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❞❛♥s ❞✐❢✲
❢ér❡♥ts ❝♦♠♣❛rt✐♠❡♥ts ❣é♥♦♠✐q✉❡s ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✳ ▲✬❛①❡ ✈❡rt✐❝❛❧ ✐♥❞✐q✉❡ ❧❡ ♣♦✉r❝❡♥t✲
❛❣❡ ❞❡ ❞✐♥✉❝❧é♦t✐❞❡s ❈● ❞❛♥s ❝❤❛q✉❡ ❝♦♠♣❛rt✐♠❡♥t❀ ❧✬❛①❡ ❤♦r✐③♦♥t❛❧ ✐♥❞✐q✉❡ ❧❡ ♣♦✉r❝❡♥t❛❣❡
❞❡ ❝❤❛q✉❡ ❝♦♠♣❛rt✐♠❡♥t ❞❛♥s ❧❡ ❣é♥♦♠❡✳ ▲❡ ❜❧❡✉ ❝❧❛✐r ❡♥ ❤❛✉t ❞❡ ❝❤❛q✉❡ ❝♦♠♣❛rt✐♠❡♥t ✐♥✲
❞✐q✉❡ ❧❛ ❢r❛❝t✐♦♥ ♥♦♥✲♠ét❤②❧é❡✳ ▲❡ ♥♦♠❜r❡ ❡♥ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ❞❡ ❞✐♥✉❝❧é♦t✐❞❡s
❈● ♣♦✉r ✶✵✵ ♣❜✳ ❈❡s ❞♦♥♥é❡s s♦♥t ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❘♦❛❞♠❛♣
❊♣✐❣❡♥♦♠❡ Pr♦❥❡❝t s❛♠♣❧❡ ❊✵✼✶✮ ✭❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❊❞✇❛r❞s ❡t ❛❧✳ ✭✷✵✶✼✮✳ ■❈❘✴❉▼❘ ✿
■♠♣r✐♥t❡❞ ❈♦♥tr♦❧ ❘❡❣✐♦♥✴❉✐✛❡r❡♥t✐❛❧❧② ▼❡t❤②❧❛t❡❞ ❘❡❣✐♦♥✮
r❡✈❛♥❝❤❡✱ ❧❡s ré❣✐♦♥s ❞❡♥s❡s ❡♥ ❈●✱ ❛✉ss✐ ❛♣♣❡❧é❡s î❧♦ts ❈♣● ✭♦✉ ❈●■ ♣♦✉r ❈♣● ✐s❧❛♥❞✮
❡t ❧❡s ♣r❡♠✐❡rs ❡①♦♥s ❞❡s ❣è♥❡s s♦♥t ❢❛✐❜❧❡♠❡♥t ♠ét❤②❧és✳ ❊♥ ❡✛❡t✱ ✻✺✪ ❞❡s ♣r♦♠♦t❡✉rs
s❡ tr♦✉✈❡♥t ❞❛♥s ✉♥ ❈●■ ❡t s♦♥t ♥♦♥✲♠ét❤②❧és✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉
❞✬✉♥ ❈●■ ✐♥❞✉✐t ✉♥❡ ❢♦rt❡ ré♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❡t ❡❧❧❡ ❡st r❡q✉✐s❡ ♣♦✉r ❧❛ ♠✐s❡
s♦✉s s✐❧❡♥❝❡ à ❧♦♥❣ t❡r♠❡ ❞❡s ❣è♥❡s ❝♦♥❝❡r♥és✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❣è♥❡s s♦✉♠✐s à ❡♠♣r❡✐♥t❡
✷✾
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
♣❛r❡♥t❛❧❡ ✭▲✐ ❡t ❛❧✳✱ ✶✾✾✸✮ ♦✉ ❧❡s ❣è♥❡s ❞❡ ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ✭❇♦r❣❡❧ ❡t ❛❧✳✱ ✷✵✶✵✮✳
▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ❝♦rré❧é❡ à ✉♥❡ ré♣r❡ss✐♦♥
tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡✱ s✐ ❡❧❧❡ ❝♦♥❝❡r♥❡ ❞❡s ré❣✐♦♥s ♣r♦♠♦tr✐❝❡s r✐❝❤❡s ❡♥ ❈●✳ ❈❡♣❡♥❞❛♥t✱
❡❧❧❡ ❡st ❛✉ss✐ ♣♦s✐t✐✈❡♠❡♥t ❝♦rré❧é❡ à ❧✬❡①♣r❡ss✐♦♥ ❞❡s ❣è♥❡s q✉❛♥❞ ❡❧❧❡ s❡ tr♦✉✈❡ ❞❛♥s ❧❡
❝♦r♣s ❞❡s ❣è♥❡s ✭❇❛✉❜❡❝ ❡t ❛❧✳✱ ✷✵✶✺✮✳
▲❡s ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡s
▲❡s ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡s ✭❉◆▼❚ ♣♦✉r ❉◆❆ ♠❡t❤②❧tr❛♥s❢❡r❛s❡✮ s♦♥t ❞❡s ❡♥✲
③②♠❡s q✉✐ ❝❛t❛❧②s❡♥t ❧❡ tr❛♥s❢❡rt ❞✬✉♥ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧❡ ❞❡ ❧✬❛❞é♥♦s②❧♠ét❤✐♦♥✐♥❡
✭❙❆▼✮ ❛✉ ❝❛r❜♦♥❡ ✺ ❞❡ ❧❛ ❝②t♦s✐♥❡✳ ▲❡s ❉◆▼❚ s♦♥t ❝❛r❛❝tér✐sé❡s ♣❛r ❞❡s ❞♦♠❛✐♥❡s
❝♦♠♠✉♥s ✿ ✉♥ ❞♦♠❛✐♥❡ ◆✲t❡r♠✐♥❛❧ ❞❡ t❛✐❧❧❡ ✈❛r✐❛❜❧❡ ❡t ❝♦♠♣♦sé ❞❡ ♣❧✉s✐❡✉rs ♠♦t✐❢s
❛②❛♥t ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ré❣✉❧❛t✐♦♥ ❀ ❡t ✉♥ ❞♦♠❛✐♥❡ ❈✲t❡r♠✐♥❛❧ ❝♦♥t❡♥❛♥t ❧❡s ♠♦t✐❢s r❡✲
s♣♦♥s❛❜❧❡s ❞❡ ❧❛ ❝❛t❛❧②s❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥✱ ♥✉♠ér♦tés ❞❡ ■ à ❳ ✭❋✐❣✲
✉r❡ ✶✳✶✹✮✳ ❊t❛♥t ❞♦♥♥é q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ s❡ tr♦✉✈❡ s✉r ❞❡s s✐t❡s ❈●
s②♠étr✐q✉❡s✱ ✐❧ ❛ très tôt été ♣r♦♣♦sé q✉❡ ❧✬❤ér✐t❛❣❡ ❞❡ ❝❡tt❡ ♠❛rq✉❡ s✉✐✈❛✐t ✉♥ ♠♦❞❡
s❡♠✐✲❝♦♥s❡r✈❛t✐❢ ❛✉ ❝♦✉rs ❞❡ ❧❛ ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆✳ ❈❡ ❝♦♥st❛t ✐♠♣❧✐q✉❡ ❞❡✉① ♠♦❞❡s
❞✐st✐♥❝ts ❞❡ ❞é♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ♣❛r ❧❡s ❉◆▼❚ ✿ ✉♥ ♠❛✐♥t✐❡♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥
❡t ✉♥❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ ✭❍♦❧❧✐❞❛② ❛♥❞ P✉❣❤✱ ✶✾✼✺❀ ❘✐❣❣s✱ ✶✾✼✺✮✳
▼❛✐♥t✐❡♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ✿ ❛✉ ❝♦✉rs ❞❡ ❧❛ ré♣❧✐❝❛t✐♦♥✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉
❞❡s s✐t❡s ❈● ❞♦✐t êtr❡ r❡♣r♦❞✉✐t❡ s✉r ❧❡s ❜r✐♥s ❞✬❆❉◆ ♥♦✉✈❡❧❧❡♠❡♥t s②♥t❤ét✐sés✳ ❯♥ ❞❡s
♣rér❡q✉✐s ♣♦✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛✐♥t❡♥❛♥❝❡ ❡st ❧✬❛✣♥✐té ❛✈❡❝ ❞❡s s✐t❡s ❤é♠✐✲♠ét❤②❧és
✭♠ét❤②❧és s✉r ✉♥ s❡✉❧ ❜r✐♥✮✱ ♣r♦❞✉✐t ♣❛r ❧❛ ré♣❧✐❝❛t✐♦♥✳ ▲❛ ♣r❡♠✐èr❡ ❡♥③②♠❡ ❞é❝r✐t❡ ❛✈❡❝
✉♥❡ ❛❝t✐✈✐té ❞❡ ♠ét❤②❧tr❛♥s❢ér❛s❡ ✭❉◆▼❚✶✮ ❝❤❡③ ❧❡s ❡✉❝❛r②♦t❡s ❛ ❝❡tt❡ ❛✣♥✐té ✭❇❡st♦r✱
✶✾✽✽✮✳ ❉◆▼❚✶ ❡st r❡❝r✉té❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❢♦✉r❝❤❡ ❞❡ ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆ ♣❛r ❯❍❘❋✶
❡t P❈◆❆ ✈✐❛ s♦♥ ❞♦♠❛✐♥❡ ❘❚❋❉ ✭❋✐❣✉r❡ ✶✳✶✹✮✳ ❯❍❘❋✶ ✐♥t❡r❛❣✐t ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t
❛✈❡❝ ❞❡s s✐t❡s ❤é♠✐✲♠ét❤②❧és ✈✐❛ s♦♥ ❞♦♠❛✐♥❡ ❙❘❆ ✭♣♦✉r ❙❊❚✲ ❛♥❞ ❘■◆●✲❛ss♦❝✐❛t❡❞✮
❡t ❞✐r✐❣❡ ❉◆▼❚✶ ✈❡rs ❧❡ ❜r✐♥ ♥♦✉✈❡❧❧❡♠❡♥t s②♥t❤ét✐sé ♥♦♥✲♠ét❤②❧é ✭❙❤❛r✐❢ ❡t ❛❧✳✱ ✷✵✵✼✮✳
❉◆▼❚✶ s❡ ✜①❡ ❛✉ ❜r✐♥ ❞✬❆❉◆ ✈✐❛ s♦♥ ❞♦♠❛✐♥❡ ❈❳❳❈✳ ▲❛ ❞é❧ét✐♦♥ ❞❡ ❉♥♠t✶ ❡st
❧ét❛❧❡ ❛♣rès ❧❛ ❣❛str✉❧❛t✐♦♥ ✭❧ét❛❧✐té ❡♠❜r②♦♥♥❛✐r❡ ✈❡rs ❧❡ ❥♦✉r ✽✱✺ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❡♠❜r②♦♥♥❛✐r❡✱ ❊✽✱✺✮ ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ✉♥ ❞é❢❛✉t ❣❧♦❜❛❧ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ✭▲✐ ❡t ❛❧✳✱
✶✾✾✷✮✳ ▲❛ ♣❡rt❡ ❞❡ ❯❤r❢✶ ✐♥❞✉✐t ✉♥ ♣❤é♥♦t②♣❡ s❡♠❜❧❛❜❧❡ ✭❙❤❛r✐❢ ❡t ❛❧✳✱ ✷✵✵✼✮✳
▼ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ ✿ ❡♥ ❛❜s❡♥❝❡ ❞❡ ❉♥♠t✶ ❞❛♥s ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❡♠❜r②✲
♦♥♥❛✐r❡s ♠✉r✐♥❡s ✭♠❊❙❈✮✱ ✐❧ ❛ été ♦❜s❡r✈é ✉♥❡ ♣❡rt❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥
✸✵
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
ADDPWWP
DNMT3A
101 KDa
DNMT3B
97 KDa
DNMT3C
79 KDa
DNMT3L
48 KDa
I IV VI VIII IX X
BAHBAHCxxCRFDPCNA NLS
TRD
C-5 MTase
DNMT1
194 KDa
❋✐❣✉r❡ ✶✳✶✹✿ ❙tr✉❝t✉r❡ ❞❡s ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡s✳ ❆❜ré✈✐❛t✐♦♥s ✉t✐❧✐sé❡s ✿
P❈◆❆ ✕ ❞♦♠❛✐♥❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ P❈◆❆✱ ◆▲❙ ✕ ✿ s✐❣♥❛❧ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ♥✉❝❧é❛✐r❡✱ ❘❋❉
✕ ❞♦♠❛✐♥❡ ♥é❝❡ss❛✐r❡ ❛✉ r❡❝r✉t❡♠❡♥t ❞❡ ❉◆▼❚✶ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❢♦✉r❝❤❡ ❞❡ ré♣❧✐❝❛t✐♦♥ ❞❡
❧✬❆❉◆✱ ❈①①❈ ✕ ❞♦♠❛✐♥❡ ❞❡ ❧✐❛✐s♦♥ ❛✉① ♣r♦té✐♥❡s à ❞♦✐❣ts ❞❡ ❩✐♥❝✱ ❇❆❍ ✕ ❞♦♠❛✐♥❡s ❢❛✲
✈♦r✐s❛♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❞❡s ♣r♦té✐♥❡s ré❣✉❧❛♥t ❧✬ét❛t ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✱ P❲❲P ✕ ❞♦♠❛✐♥❡
❝♦♥s❡r✈é✱ ❆❉❉ ✕ ❞♦♠❛✐♥❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ❤✐st♦♥❡s ✭❋✐❣✉r❡ ❞❡ ❏♦❛♥ ❇❛r❛✉✮✳
♠❛✐s ♣❛s ❣❧♦❜❛❧❡ ✭▲❡✐ ❡t ❛❧✳✱ ✶✾✾✻✮✳ ❈❡❝✐ s✉❣❣ér❛✐t q✉✬✐❧ ❡①✐st❛✐t ❛✉ ♠♦✐♥s ✉♥❡ ❛✉tr❡
❉◆▼❚ r❡s♣♦♥s❛❜❧❡ ❞❡ ❝❡tt❡ ♠ét❤②❧❛t✐♦♥ rés✐❞✉❡❧❧❡✳ ❊♥ ✶✾✾✽✱ ❞❡✉① ♥♦✉✈❡❧❧❡s ❉◆▼❚✱
❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ♦♥t été ❝❧♦♥é❡s ✭❖❦❛♥♦ ❡t ❛❧✳✱ ✶✾✾✽✮ ❡t s♦♥t ❞é❝r✐t❡s ❝♦♠♠❡
r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦✳ ❉♥♠t✸❛ ❡st ❡①♣r✐♠é ❛✉ ❝♦✉rs ❞❡ ❧❛ ❣❛♠é✲
t♦❣❡♥ès❡ ❡t ❞❛♥s ❧✬❡♠❜r②♦♥ ♣ré✲✐♠♣❧❛♥t❛t♦✐r❡✳ ❉◆▼❚✸❆ ét❛❜❧✐t ❛✐♥s✐ ❧❛ ♠ét❤②❧❛t✐♦♥
s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ❧✬♦✈♦❝②t❡ ❡t ❞✉ s♣❡r♠❛t♦③♦ï❞❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❛✉ ♥✐✈❡❛✉ ❞❡s ré❣✐♦♥s
❞❡ ❝♦♥trô❧❡ ❞❡ ❧✬❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡ ✭■♠♣r✐♥t✐♥❣ ❈♦♥tr♦❧ ❘❡❣✐♦♥✱ ■❈❘✮ ✭❑❛♥❡❞❛ ❡t ❛❧✳✱
✷✵✵✹✮✳ ❉♥♠t✸❛ ❡st ❛✉ss✐ ❡①♣r✐♠é ❞❛♥s ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❛❞✉❧t❡s
❝♦♠♠❡ ❞❛♥s ❧❡ s②stè♠❡ ❤é♠❛t♦♣♦ïét✐q✉❡ ✭❈❤❛❧❧❡♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❉♥♠t✸❜ ❡st ❛✉ss✐ ❢♦rt❡✲
♠❡♥t ❡①♣r✐♠é ❛✉ ❝♦✉rs ❞❡ ❧❛ ❣❛♠ét♦❣❡♥ès❡ ❡t ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡ ♣ré❝♦❝❡ ✭❲❛t❛♥❛❜❡
❡t ❛❧✳✱ ✷✵✵✷✮✳ ▲❛ ❞é❧ét✐♦♥ ❞❡ ❉♥♠t✸❜ ❡st ❧ét❛❧❡ à ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ❣❡st❛t✐♦♥ ❛❧♦rs q✉❡ ♣♦✉r
❉♥♠t✸❛✱ ❧❡s ♠✉t❛♥ts ❛♣♣❛r❛✐ss❡♥t ♥♦r♠❛✉① à ❧❛ ♥❛✐ss❛♥❝❡ ♠❛✐s ❞❡✈✐❡♥♥❡♥t r❛♣✐❞❡♠❡♥t
❝❤ét✐❢s ❡t ♠❡✉r❡♥t à ✹ s❡♠❛✐♥❡s✱ ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❝♦♠♣❧✐❝❛t✐♦♥ ✐♥t❡st✐♥❛❧❡ ✭❖❦❛♥♦ ❡t ❛❧✳✱
✶✾✾✾✮✳ ▲❛ ♠✉t❛t✐♦♥ ❝♦♠❜✐♥é❡ ❞❡s ❞❡✉① ❣è♥❡s ✐♥❞✉✐t ✉♥❡ ❧ét❛❧✐té ♣❧✉s ♣ré❝♦❝❡ ❛✈❛♥t
❊✶✶✱✺✳ ❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ♦♥t ❞♦♥❝ ✉♥ rô❧❡ ❡ss❡♥t✐❡❧ ❡t ❞❡s ❢♦♥❝t✐♦♥s ♣❛rt✐❡❧❧❡♠❡♥t
r❡❞♦♥❞❛♥t❡s ❛✉ ❝♦✉rs ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡ ♣ré❝♦❝❡✳ ❈❡s ❞❡✉① ❡♥③②♠❡s ♦♥t ✉♥❡ très ❢❛✐❜❧❡
❛✣♥✐té ♣♦✉r ❧❡s s✐t❡s ❤é♠✐✲♠ét❤②❧és ✭❙✉❡t❛❦❡ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❊❧❧❡s ❝✐❜❧❡♥t ❡♥ ♠❛❥♦r✐té
✸✶
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❞❡s s✐t❡s ❈● ♠❛✐s ♣❡✉✈❡♥t ❛✉ss✐ ♠ét❤②❧❡r ❞❡s s✐t❡s ❈❆ ❡t ❈❚ ✭❙✉❡t❛❦❡ ❡t ❛❧✳✱ ✷✵✵✸✮✳
❖♥ tr♦✉✈❡ ❛✐♥s✐ ✉♥❡ q✉❛♥t✐té ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ♥♦♥✲❈● ❞❛♥s ❧❡s ❣❛♠èt❡s✱
❞❛♥s ❧✬❡♠❜r②♦♥ ♣♦st✲✐♠♣❧❛♥t❛t♦✐r❡ ❡t ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❊❙ ❛❧♦rs q✉✬❡❧❧❡ ❡st ✐♥❡①✐st❛♥t❡
❞❛♥s ❧❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s ♦ù ❥✉st❡ ✉♥❡ ❛❝t✐✈✐té ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♠❛✐♥t❡♥❛♥❝❡ ✈✐❛
❉◆▼❚✶ ❛ ❧✐❡✉✳
❊♥ ✷✵✵✵✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ❉◆▼❚✱ ❛♣♣❡❧é❡ ❉◆▼❚✸▲ ❛ été ❞é❝r✐t❡ s✉r ❧❛ ❜❛s❡ ❞❡ ❧❛
s✐♠✐❧❛r✐té ❞❡ s♦♥ ❞♦♠❛✐♥❡ ◆✲t❡r♠✐♥❛❧ ❛✈❡❝ ❧❡s ❞♦♠❛✐♥❡s ❝♦rr❡s♣♦♥❞❛♥ts ❞❡ ❉◆▼❚✸❆ ❡t
❉◆▼❚✸❇ ✭❆❛♣♦❧❛ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❞♦♠❛✐♥❡ ❈✲t❡r♠✐♥❛❧ ❞❡ ❉◆▼❚✸▲ sé✈èr❡✲
♠❡♥t tr♦♥q✉é ♥✬❛ ♣❛s ❧❡s rés✐❞✉s ❝❧és ♣♦✉r ✉♥❡ ❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡ ❞✬❆❉◆ ♠ét❤②❧tr❛♥s✲
❢ér❛s❡✳ ■❧ ❛ ♣♦✉rt❛♥t été ♣r♦✉✈é q✉❡ ❉♥♠t✸❧ ❡st ❡①♣r✐♠é ❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❡t ❢❡♠❡❧❧❡s✱ ❝❛r❛❝tér✐sé❡s ♣❛r ✉♥ t❛✉① ✐♠♣♦rt❛♥t ❞❡ ♠ét❤②✲
❧❛t✐♦♥ ❞❡ ♥♦✈♦ ✭❇♦✉r❝✬❤✐s ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❉❡s ét✉❞❡s ❣é♥ét✐q✉❡s ❝❤❡③ ❧❛ s♦✉r✐s ❉♥♠t✸❧
♠✉t❛♥t❡ ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ s♦♥ ✐♠♣♦rt❛♥❝❡ ❞❛♥s ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦✳
▲❡s s♦✉r✐s Dnmt3l−/− s♦♥t ✈✐❛❜❧❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ❡♠❜r②♦♥s Dnmt3l−/+ ✐ss✉s ❞✉
❝r♦✐s❡♠❡♥t ❡♥tr❡ ✉♥❡ ❢❡♠❡❧❧❡ Dnmt3l−/− ❡t ✉♥ ♠â❧❡ s❛✉✈❛❣❡ ♠❡✉r❡♥t à ❊✾✱✺ ♣❛r ✉♥❡
❡✛❡t ♠❛t❡r♥❡❧ ❞♦♥❝✳ ▲❡s ♦✈♦❝②t❡s ❞❡s ❢❡♠❡❧❧❡s Dnmt3l−/− ♦♥t ❡♥ ❡✛❡t ✉♥ ❞é❢❛✉t ❣❧♦❜❛❧
❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ❞♦♥t ❛✉ ♥✐✈❡❛✉ ❞❡s ■❈❘ ✭❑♦❜❛②❛s❤✐ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❊♥ ❝♦♥✲
séq✉❡♥❝❡✱ ❧❡s ❡♠❜r②♦♥s Dnmt3l−/+ ♣rés❡♥t❡♥t ✉♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❛❧❧é❧✐q✉❡
❞❡s ❣è♥❡s s♦✉♠✐s à ❡♠♣r❡✐♥t❡ ♠❛t❡r♥❡❧❧❡✳ ▲❡s ♠â❧❡s ♠✉t❛♥ts ♣♦✉r ❉◆▼❚✸▲ s♦♥t q✉❛♥t
à ❡✉① stér✐❧❡s ❛✈❡❝ ✉♥ ♣❤é♥♦t②♣❡ ❞✬❤②♣♦❣♦♥❛❞✐s♠❡ ✭♣❡t✐t t❡st✐❝✉❧❡✮ ❡t ❞✬❛❜s❡♥❝❡ ❞❡ s♣❡r✲
♠❛t♦③♦ï❞❡s ✭❛③♦♦s♣❡r♠✐❡✮ ✭❇♦✉r❝✬❤✐s ❛♥❞ ❇❡st♦r✱ ✷✵✵✹✮✱ ❛ss♦❝✐é❡ à ✉♥❡ ré❛❝t✐✈❛t✐♦♥ ❞❡s
❊❚✳ ▼♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ ♥♦t❛♠♠❡♥t ❝♦♥s✐sté ❡♥ ❧✬❛♥❛❧②s❡ ❞❡s ❝✐❜❧❡s ❞❡ ❉◆▼❚✸▲
❛✉ ❝♦✉rs ❞❡ ❧❛ s♣❡r♠❛t♦❣❡♥ès❡✱ ♣❛r ❞❡s ♠ét❤♦❞❡s ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ❣é♥♦♠✐q✉❡ ❞❡ ❧❛
♠ét❤②❧❛t✐♦♥ ♣❛r ❲❤♦❧❡ ●❡♥♦♠❡ ❇✐s✉❧✜t❡ ❙❡q✉❡♥❝✐♥❣ ✭❲●❇❙✮ ✭✈♦✐r P❛rt✐❡ ✸✳✷✮✳
❉◆▼❚✸▲ ❡st ❛✐♥s✐ ✉♥ ❝♦✲❢❛❝t❡✉r ❡ss❡♥t✐❡❧ ❞❡ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❛✉
❝♦✉rs ❞❡ ❧❛ ❣❛♠ét♦❣❡♥ès❡✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❜✐♦❝❤✐♠✐q✉❡✱ ✐❧ ❛ été ❞é♠♦♥tré ❞❛♥s ❞❡s
t❡sts ✐♥ ✈✐tr♦ q✉❡ ❉◆▼❚✸▲ ✐♥t❡r❛❣✐t ❞✐r❡❝t❡♠❡♥t ❛✈❡❝ ❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ♣♦✉r
st✐♠✉❧❡r ❧❡✉r ❛❝t✐✈✐té ❛❧♦rs q✉✬❡❧❧❡ ♥❡ s❡ ✜①❡ ♣❛s à ❧✬❆❉◆ ✭❈❤❡❞✐♥ ❡t ❛❧✳✱ ✷✵✵✷❀ ❙✉❡t❛❦❡
❡t ❛❧✳✱ ✷✵✵✹✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❉◆▼❚✸▲ ✐♥t❡r❛❣✐ss❛✐t ❛✈❡❝ ❧❛ ❝❤r♦♠❛t✐♥❡
❡t ♣❧✉s ♣ré❝✐sé♠❡♥t ❛✈❡❝ ❧❡ ❞♦♠❛✐♥❡ ◆✲t❡r♠✐♥❛❧ ❞❡ ❧✬❤✐st♦♥❡ ❍✸ ✭❖♦✐ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ▲❛
✜①❛t✐♦♥ ❞❡ ❉◆▼❚✸▲ ❛✈❡❝ ❧❛ q✉❡✉❡ ❞❡ ❧✬❤✐st♦♥❡ ❍✸ s❡ ♣r♦❞✉✐t ✈✐❛ s♦♥ ❞♦♠❛✐♥❡ ❆❉❉
✭♣♦✉r ❆❚❘❳✲❉◆▼❚✸✲❉◆▼❚✸▲✮ ✭❋✐❣✉r❡ ✶✳✶✹✮✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ❝♦♠♣r♦♠✐s❡ s✐
❧❛ ❧②s✐♥❡ ✹ ❞❡ ❧✬❤✐st♦♥❡ ❍✸ ❡st ♠ét❤②❧é❡✳ ■❧ ❛ ❛✉ss✐ été ❞é♠♦♥tré q✉❡ ❉◆▼❚✸❆ ❡t
✸✷
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❉◆▼❚✸❇ ✐♥t❡r❛❣✐ss❛✐❡♥t ❛✈❡❝ ❧❛ q✉❡✉❡ ❞❡ ❧✬❤✐st♦♥❡ ❍✸ ✈✐❛ ❧❡✉r ❞♦♠❛✐♥❡ ❆❉❉ ❡t ét❛✐❡♥t
s❡♥s✐❜❧❡ à ❧✬ét❛t ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✹ ✭▼♦rs❡❧❧✐ ❡t ❛❧✳✱ ✷✵✶✺❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ▲❡s
♣r♦♠♦t❡✉rs ❞❡s ❣è♥❡s ❛❝t✐❢s✱ ❡♥r✐❝❤✐s ❡♥ ♠❛rq✉❡s ❍✸❑✹♠❡✸ s♦♥t ❛❧♦rs ♣r♦té❣és ❞✬✉♥❡
é✈❡♥t✉❡❧❧❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ ❡t ❞✬✉♥❡ ❡①t✐♥❝t✐♦♥ ❞❡ ❧❡✉r ❛❝t✐✈✐té✳
❊♥ ♣❧✉s ❞❡ ❧❡✉r ❞♦♠❛✐♥❡ ❆❉❉✱ ❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ♦♥t ✉♥ ❞♦♠❛✐♥❡ ❛♣♣❡❧é
P❲❲P ✭♣♦✉r Pr♦❧✐♥❡✲❚r②♣t♦♣❤❛♥❡✲❚r②♣t♦♣❤❛♥❡✲Pr♦❧✐♥❡✮✱ ❛❜s❡♥t ❞❡ ❧❛ séq✉❡♥❝❡ ❞❡
❉◆▼❚✸▲ ✭❋✐❣✉r❡ ✶✳✶✹✮✳ ❉❡s ♠✉t❛t✐♦♥s ✐♥❞✉✐t❡s ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ♦♥t ♣❡r♠✐s ❞❡ ❞é✲
♠♦♥tr❡r s♦♥ ✐♠♣♦rt❛♥❝❡ ♣♦✉r ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ❛✉ ♥✐✈❡❛✉ ❞❡s
ré❣✐♦♥s ♣ér✐❝❡♥tr♦♠ér✐q✉❡s ❡t ❛✐♥s✐ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s séq✉❡♥❝❡s ❞✬❆❉◆ s❛t❡❧❧✐t❡ ♠❛❥❡✉r
✭❈❤❡♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❈♦♠♠❡ ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❡ ❝♦r♣s ❞❡s ❣è♥❡s tr❛♥s❝r✐ts ❡st
♠ét❤②❧é✳ ❉◆▼❚✸❇ ❝✐❜❧❡ ❝❡s ré❣✐♦♥s q✉✐ s♦♥t ❡♥r✐❝❤✐❡s ❡♥ ❍✸❑✸✻♠❡✸✱ ♠❛rq✉❡ ❝❛r❛❝✲
tér✐st✐q✉❡ ❞❡ ❧✬é❧♦♥❣❛t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ✭▼♦rs❡❧❧✐ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❊♥ ❝❛s ❞❡ ♠✉t❛t✐♦♥s
❞❡ ❙❊❚❉✷✱ ✉♥❡ ❤✐st♦♥❡ ♠ét❤②❧tr❛♥s❢ér❛s❡✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉ ♥✐✈❡❛✉ ❞❡s ❣è♥❡s
tr❛♥s❝r✐ts ❡st ré❞✉✐t❡✳ ❈❡❝✐ s✉❣❣èr❡ q✉❡ ❍✸❑✸✻♠❡✸ ❡st r❡s♣♦♥s❛❜❧❡ ❞✉ r❡❝r✉t❡♠❡♥t ❞❡
❉◆▼❚✸❇✳ ❉❛♥s ❞❡s ♠❊❙❈✱ ❞❡s ♠✉t❛t✐♦♥s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ P❲❲P ré❞✉✐s❡♥t ❧❡s ✐♥✲
t❡r❛❝t✐♦♥s ❞❡ ❉◆▼❚✸❇ ❛✈❡❝ ❧❛ ❝❤r♦♠❛t✐♥❡ ♠❛rq✉é❡ ♣❛r ❍✸❑✸✻♠❡✸ ❡t s♦♥ r❡❝r✉t❡♠❡♥t
❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦r♣s ❞❡s ❣è♥❡s ❛❝t✐❢s✳ ▲❡ ❞♦♠❛✐♥❡ P❲❲P s❡♠❜❧❡ ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❛✉
r❡❝r✉t❡♠❡♥t ❞❡ ❉◆▼❚✸❇ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦r♣s ❞❡s ❣è♥❡s ❛❝t✐❢s ♠❛rq✉és ♣❛r ❍✸❑✸✻♠❡✸
✭❇❛✉❜❡❝ ❡t ❛❧✳✱ ✷✵✶✺✮✳
❘é❝❡♠♠❡♥t✱ ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ❛ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ❞❡ ♥♦✈♦ ♠ét❤②❧tr❛♥s✲
❢ér❛s❡✱ ❉◆▼❚✸❈✱ s♣é❝✐❛❧✐sé❡ ❞❛♥s ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s ♣r♦♠♦t❡✉rs ❞❡s ❊❚ ❥❡✉♥❡s ❡t
❝♦♠♣❧❡ts ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s✱ tr❛✲
✈❛✐❧ q✉✐ ❝♦♥st✐t✉❡ ✉♥❡ ♣❛rt✐❡ ❞❡ ♠❛ t❤ès❡ ✭✈♦✐r P❛rt✐❡ ✸✳✷✮ ✭❇❛r❛✉ ❡t ❛❧✳✱ ✷✵✶✻✮✳ P♦✉r
✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❞ét❛✐❧❧é❡ s✉r ❧❡s ❉◆▼❚✱ s❡ ré❢ér❡r à ❏❡❧ts❝❤ ❛♥❞ ❏✉r❦♦✇s❦❛
✭✷✵✶✻✮✳
❆❧♦rs q✉❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❞é♣❡♥❞ ❞❡ ❧✬❛❝t✐✈✐té ❞❡s ❡♥③②♠❡s ❉◆▼❚✱ ❧❛
ré❛❝t✐♦♥ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ s❡ ❢❛✐t ♣❧✉tôt ♣❛ss✐✈❡♠❡♥t ♣❛r ❞✐❧✉t✐♦♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ s✐
♣❧✉s✐❡✉rs ❝②❝❧❡s ❞❡ ré♣❧✐❝❛t✐♦♥ s✬❡♥❝❤❛✐♥❡♥t ❡♥ ❛❜s❡♥❝❡ ❞❡ ❧❛ ♠❛❝❤✐♥❡r✐❡ ❞❡ ♠❛✐♥t❡♥❛♥❝❡
❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ✭❉◆▼❚✶ ❡t s❡s ❝♦✲❢❛❝t❡✉rs✱ ❝♦♠♠❡ ❯❍❘❋✶✮✳ ❈❡♣❡♥❞❛♥t✱ ✉♥ ♠é❝❛♥✲
✐s♠❡ ❛❝t✐❢ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ♣♦ss✐❜❧❡ ❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❡♥ ✷✵✵✾ à ❧❛ s✉✐t❡ ❞❡ ❧❛ ❞é❝♦✉✲
✈❡rt❡ ❞❡s ♣r♦té✐♥❡s ❚❊❚ ✭♣♦✉r ❚❡♥✲❊❧❡✈❡♥✲❚r❛♥s❧♦❝❛t✐♦♥✮✳ ▲❡s ♣r♦té✐♥❡s ✭❚❊❚✶✴✷✴✸✮
✸✸
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
s♦♥t ❞❡s ❡♥③②♠❡s ❝❛♣❛❜❧❡s ❞✬❤②❞r♦①②❧❡r ❧❛ ✺✲♠ét❤②❧❝②t♦s✐♥❡ ❡♥ ✺✲❤②❞r♦①②♠ét❤②❧❝②t♦s✐♥❡
✭♥♦té❡ ✺❤♠❈✮✳
❉②♥❛♠✐q✉❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t
❆✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st très ❞②✲
♥❛♠✐q✉❡✳ ❉❡✉① ✈❛❣✉❡s ❞❡ ❞é♠ét❤②❧❛t✐♦♥✴r❡♠ét❤②❧❛t✐♦♥ s❡ s✉❝❝è❞❡♥t ✿ ❛✉ ❝♦✉rs ❞❡
❧✬❡♠❜r②♦❣❡♥ès❡ ♣ré❝♦❝❡ ❞❛♥s ❧✬❡♠❜r②♦♥ ♣ér✐✲✐♠♣❧❛♥t❛t♦✐r❡ ❡t ❛✉ ❝♦✉rs ❞❡ ❧❛ ❣❛♠ét♦✲
❣❡♥ès❡ ♣ré❝♦❝❡✱ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s ✭Pr✐♠♦r❞✐❛❧ ●❡r♠ ❈❡❧❧s✱ P●❈✮
✭❋✐❣✉r❡ ✶✳✶✺✮✳ ❈❡tt❡ r❡♣r♦❣r❛♠♠❛t✐♦♥ ❝♦ï♥❝✐❞❡ ❛✈❡❝ ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡ ❧❛ ♣❧✉r✐♣♦t❡♥❝❡ ❞✉
♥♦✉✈❡❧ ❡♠❜r②♦♥ ❡t ♣♦✉r ❡✛❛❝❡r ❧❡s ♣r♦✜❧s ❞❡ ♠ét❤②❧❛t✐♦♥ ❤ér✐tés ❞❡s ♣❛r❡♥ts✳ ▲❡s ét✉❞❡s
s❡ ❢♦❝❛❧✐s❛♥t s✉r ❝❡s ❞❡✉① ✈❛❣✉❡s ❞❡ r❡♣r♦❣r❛♠♠❛t✐♦♥ ♣r♦✈✐❡♥♥❡♥t ❡♥ ♠❛❥♦r✐té ❞✉ ♠♦❞✲
è❧❡ ♠✉r✐♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s q✉❡❧q✉❡s ét✉❞❡s ❞❛♥s ❧✬❡♠❜r②♦♥ ❤✉♠❛✐♥ ❝♦♥✜r♠❡♥t ❧❡s ♠ê♠❡s
t❡♥❞❛♥❝❡s ✭●❦♦✉♥t❡❧❛ ❡t ❛❧✳✱ ✷✵✶✺❀ ●✉♦ ❡t ❛❧✳✱ ✷✵✶✺✱ ✷✵✶✹❜✮✳
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❋✐❣✉r❡ ✶✳✶✺✿ ▲❛ r❡♣r♦❣r❛♠♠❛t✐♦♥ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉ ❝♦✉rs ❞✉
❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡ ■❈▼ ✿ ♠❛ss❡ ❝❡❧❧✉❧❛✐r❡ ✐♥t❡r♥❡✱ P●❈ ✿ ❝❡❧❧✉❧❡ ❣❡r♠✐♥❛❧❡
♣r✐♠♦r❞✐❛❧❡✱ ◆●❖ ✿ ♦✈♦❝②t❡ ❞❡ ♣r❡♠✐❡r ♦r❞r❡✳ ❊♥ ❜❧❡✉ ❡st r❡♣rés❡♥té ❧❡ ❣é♥♦♠❡ ♣❛t❡r♥❡❧
❡t ❡♥ r♦✉❣❡ ❧❡ ❣é♥♦♠❡ ♠❛t❡r♥❡❧✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡ ▲❡❡ ❡t ❛❧✳ ✭✷✵✶✹✮✳
❉❛♥s ❧✬❡♠❜r②♦♥ ♣ér✐✲✐♠♣❧❛♥t❛t♦✐r❡ ✿ ▲♦rs ❞❡ ❧❛ ❢é❝♦♥❞❛t✐♦♥✱ ❧❡s ♣r♦✜❧s ❞❡
♠ét❤②❧❛t✐♦♥ ♣♦rtés ♣❛r ❧❡ ❣é♥♦♠❡ ❞✉ s♣❡r♠❛t♦③♦ï❞❡ ❡t ❞❡ ❧✬♦✈♦❝②t❡ s♦♥t très ❞✐✛ér❡♥ts✳
❆❧♦rs q✉❡ ❧✬♦✈♦❝②t❡ ❡st ❢❛✐❜❧❡♠❡♥t ♠ét❤②❧é ✭✹✵✪✮✱ ❧❡ s♣❡r♠❛t♦③♦ï❞❡ ❡st q✉❛♥t à ❧✉✐ ❧❛
✸✹
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❝❡❧❧✉❧❡ ❛✈❡❝ ❧❡ ♣❧✉s ❢♦rt t❛✉① ❞❡ ♠ét❤②❧❛t✐♦♥ ✭✾✵✪✮✭❑♦❜❛②❛s❤✐ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲❡s ❞❡✉①
❣é♥♦♠❡s ♣❛r❡♥t❛✉① r❡st❡♥t sé♣❛rés ❞❛♥s ❞❡s ♣r♦♥✉❝❧❡✐ ❞✐st✐♥❝ts ❛✉ st❛❞❡ ♣r♦♥✉❝❧é❛✐r❡
❛✈❛♥t ❧❡✉r ❢✉s✐♦♥ ❞❛♥s ✉♥ ♥♦②❛✉ ✉♥✐q✉❡✳ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ❡st ♣r♦♣r❡ à
❝❤❛q✉❡ ❣é♥♦♠❡ ♣❛r❡♥t❛❧✳ ▲❡ ❣é♥♦♠❡ ♠❛t❡r♥❡❧ ♣❡r❞ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡
❢❛ç♦♥ ♣❛ss✐✈❡ ❛✉ ❝♦✉rs ❞❡s ❞✐✈✐s✐♦♥s ❡♠❜r②♦♥♥❛✐r❡s✱ ❞✉❡ à ✉♥❡ ❡①❝❧✉s✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡
❉◆▼❚✶ ❞✉ ♥♦②❛✉ ❡t à ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❯❍❘❋✶ ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❞❡s
ét✉❞❡s ré❝❡♥t❡s ♦♥t ♠♦♥tré q✉❡ ❧❡ ❣é♥♦♠❡ ♠❛t❡r♥❡❧ s✉❜✐ss❛✐t ❛✉ss✐ ✉♥❡ ❞é♠ét❤②❧❛t✐♦♥
❛❝t✐✈❡ ✐♥❞✉✐t❡ ♣❛r ❚❊❚✸ ✭●✉♦ ❡t ❛❧✳✱ ✷✵✶✹❛❀ ❙❤❡♥ ❡t ❛❧✳✱ ✷✵✶✹❀ ❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✹❜✮✳ ▲❡
❣é♥♦♠❡ ♣❛t❡r♥❡❧ ❡✛❛❝❡ très r❛♣✐❞❡♠❡♥t ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝
✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞✬❤②❞r♦①②♠ét❤②❧❛t✐♦♥ ❞é♣❡♥❞❛♥t❡ ❞❡ ❚❊❚✸✳ ❙♦✉✈❡♥t ❞é❝r✐t❡ ❝♦♠♠❡
♠é❝❛♥✐s♠❡ ♣r✐♥❝✐♣❛❧ ❞❛♥s ❧❡ ❝❛s ❞✉ ❣é♥♦♠❡ ♣❛t❡r♥❡❧✱ ❧❛ ❞é♠ét❤②❧❛t✐♦♥ ❛❝t✐✈❡ ✐♥❞✉✐t❡ ♣❛r
❚❊❚✸ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ s❡✉❧❡♠❡♥t ✷✺✪ ❞❡ ❧✬❡✛❛❝❡♠❡♥t t♦t❛❧ ✭❊❝❦❡rs❧❡②✲▼❛s❧✐♥ ❡t ❛❧✳✱
✷✵✶✽✮✳ ▲❡ ❣é♥♦♠❡ ♣❛t❡r♥❡❧ s✉❜✐t ❛✉ss✐ ✉♥❡ ❞é♠ét❤②❧❛t✐♦♥ ♣❛ss✐✈❡ ✈✐❛ ❧❛ ré♣❧✐❝❛t✐♦♥ ❞❡
❧✬❆❉◆✳ ❆✉ st❛❞❡ ❜❧❛st♦❝②st❡ ❝♦rr❡s♣♦♥❞❛♥t à ✸✷✲✻✹ ❝❡❧❧✉❧❡s ✭❊✸✱✺✮✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❡♠✲
❜r②♦♥♥❛✐r❡ ❛tt❡✐♥t s♦♥ ♥✐✈❡❛✉ ❧❡ ♣❧✉s ❜❛s ✭∼✷✺✪✮✳ ▲❡s ré❣✐♦♥s s♦✉♠✐s❡s à ❡♠♣r❡✐♥t❡
♣❛r❡♥t❛❧❡ ✭■❈❘✮ s♦♥t ♣r♦té❣é❡s ❞❡ ❝❡tt❡ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ♠❛✐s é❣❛❧❡♠❡♥t ❝❡r✲
t❛✐♥s rétr♦tr❛♥s♣♦s♦♥s ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s é❧é♠❡♥ts ■❆P ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✹✮ ✭❙♠✐t❤
❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲❡s ♣r♦té✐♥❡s ❉◆▼❚✶ ❡t ❯❍❘❋✶ ❡♥ ❢❛✐❜❧❡ q✉❛♥t✐té ♣rés❡♥t❡s ❞❛♥s ❧❡
♥♦②❛✉ s♦♥t r❡❝r✉té❡s ♣❛r ❩❋P✺✼ ❡t ❑❆P✶ ✭❛✉ss✐ ❛♣♣❡❧é❡ ❚❘■▼✷✽✮ ♣♦✉r ♠❛✐♥t❡♥✐r ❝❡s
ré❣✐♦♥s ♠ét❤②❧é❡s ✭▲✐ ❡t ❛❧✳✱ ✷✵✵✽❀ ◗✉❡♥♥❡✈✐❧❧❡ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❊♥tr❡ ❊✹✱✺ ❡t ❊✻✱✺✱ ❧❡s ❞❡
♥♦✈♦ ♠ét❤②❧tr❛♥s❢ér❛s❡s s♦♥t ❡①♣r✐♠é❡s ❡t ❧❡ ❣é♥♦♠❡ ❡st r❡♠ét❤②❧é✳ ❉❛♥s ❧✬é♣✐❜❧❛st❡ à
❊✻✱✺✱ ✼✵✪ ❞❡s s✐t❡s ❈● s♦♥t ♠ét❤②❧és ❡t ❧❡s ♣r♦✜❧s ❝❤❛♥❣❡♥t ♣❡✉ ♣♦✉r ❧❡ r❡st❡ ❞❡ ❧❛ ✈✐❡
s♦♠❛t✐q✉❡ ✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷❀ ❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❆✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s P●❈ ✿ à ❊✼✱✷✺✱ ✉♥ ♣❡t✐t ❣r♦✉♣❡ ❞❡ ✹✵
❝❡❧❧✉❧❡s ♣r❡♥♥❡♥t ✉♥ ❞❡st✐♥ ❞❡ ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s ✭P●❈✮ ❡t ♠✐❣r❡♥t ✈❡rs
❧❛ ❝rêt❡ ❣é♥✐t❛❧❡ ✭❞❡ ❊✼✱✺ à ❊✶✸✱✺✮✳ ▲♦rs ❞❡ ❝❡tt❡ ♠✐❣r❛t✐♦♥✱ ❧❡✉r ❣é♥♦♠❡ s❡ ❞é♠ét❤②❧❡
♣♦✉r ❛tt❡✐♥❞r❡ ✉♥ ♠✐♥✐♠✉♥ ❞❡ ✼✪ ❞❡ ♠ét❤②❧❛t✐♦♥ à ❊✶✸✱✺ ✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳
❈❡s ❝❡❧❧✉❧❡s ♣rés❡♥t❡♥t ❧❡ ♣❧✉s ❢❛✐❜❧❡ t❛✉① ❞❡ ♠ét❤②❧❛t✐♦♥ ♣♦✉r ❞❡s ❝❡❧❧✉❧❡s ♥♦r♠❛❧❡s ❡♥
❝♦♥❞✐t✐♦♥ ✐♥ ✈✐✈♦✳ ❈❡tt❡ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ s❡ ♣❛ss❡ ❡♥ ❞❡✉① t❡♠♣s✳ ▲❛ ♣r❡♠✐èr❡
♣❤❛s❡ ✭❞❡ ❊✽ à ❊✶✶✱✺✮ ❡st ✉♥❡ ❞é♠ét❤②❧❛t✐♦♥ ♣❛ss✐✈❡ ✈✐❛ ✉♥❡ ❧♦❝❛❧✐s❛t✐♦♥ ❝②t♦♣❧❛s♠✐q✉❡
❞❡ ❯❍❘❋✶ ❡t ✉♥❡ ré♣r❡ss✐♦♥ ❞❡s ❉◆▼❚✸ ✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▼❛❧❣ré ❝❡tt❡
♣r❡♠✐èr❡ ♣❤❛s❡✱ ❝❡rt❛✐♥❡s ré❣✐♦♥s ❝♦♠♠❡ ❧❡s ■❈❘ ❡t ❧❡s ❈●■ ❞✉ ❝❤r♦♠♦s♦♠❡ ❳ r❡st❡♥t
♠ét❤②❧é❡s✳ ▲❛ ❞❡✉①✐è♠❡ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ❡st ❛❝t✐✈❡ ❛✈❡❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
✸✺
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❞✉ t❛✉① ❞✬❤②❞r♦①②♠ét❤②❧❛t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❚❊❚✶ ❡t ❚❊❚✷ à ❊✾✱✺✴❊✶✵✱✺ s✉✐✈✐❡ ❞✬✉♥❡
❜❛✐ss❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ✭❍❛❝❦❡tt ❡t ❛❧✳✱ ✷✵✶✸❀ ❱✐♥❝❡♥t ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❈♦♠♠❡ ❞❛♥s
❧✬❡♠❜r②♦♥ ♣ré✲✐♠♣❧❛♥t❛t♦✐r❡✱ ❧❡s séq✉❡♥❝❡s ■❆P rés✐st❡♥t à ❝❡tt❡ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥
✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ■❈❘ s♦♥t r❡♣r♦❣r❛♠♠é❡s✳ ❆❧♦rs q✉❡ ❧❛
❞②♥❛♠✐q✉❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ❡st ✐❞❡♥t✐q✉❡ ♣♦✉r ❧❡s P●❈ ♠â❧❡s ❡t ❢❡♠❡❧❧❡s✱ ❧❛ ♣❤❛s❡
❞❡ r❡♠ét❤②❧❛t✐♦♥ ❡st s♣é❝✐✜q✉❡ à ❝❤❛q✉❡ s❡①❡✳ ▲❡s ❣❛♠èt❡s ♠â❧❡s s♦♥t r❛♣✐❞❡♠❡♥t
r❡♠ét❤②❧és à ♣❛rt✐r ❞❡ ❊✶✸✱✺ ❡t ❛tt❡✐❣♥❡♥t ✺✵✪ ❞❡ ♠ét❤②❧❛t✐♦♥ à ❊✶✻✱✺ ❛❧♦rs q✉❡ ❧❡s
❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ❢❡♠❡❧❧❡s ♥✬♦♥t t♦✉❥♦✉rs ♣❛s ❛❝q✉✐s ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦ à ❝❡ st❛❞❡✳
▲❡s ♠♦t✐❢s ❞❡ ♠ét❤②❧❛t✐♦♥ ❝❤❡③ ❧❡s ♠â❧❡s s♦♥t ❝♦♠♣❧èt❡♠❡♥t ét❛❜❧✐s à ❧❛ ♥❛✐ss❛♥❝❡✳ ▲❛
r❡♠ét❤②❧❛t✐♦♥ ❝❤❡③ ❧❡s ❢❡♠❡❧❧❡s ❝♦♠♠❡♥❝❡ ❛♣rès ❧❛ ♥❛✐ss❛♥❝❡ ♣♦✉r ❛tt❡✐♥❞r❡ ✹✵✪ ❞❡
♠ét❤②❧❛t✐♦♥✱ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧♦❝❛❧✐sé❡ ❞❛♥s ❧❡ ❝♦r♣s ❞❡s ❣è♥❡s tr❛♥s❝r✐ts ✭❑♦❜❛②❛s❤✐
❡t ❛❧✳✱ ✷✵✶✷✮✳
▼ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡t é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ ♠é❝❛♥✐s♠❡
❞❡ ré♣r❡ss✐♦♥ ❞❡s ❊❚✳ ▲❡s ❈♣● ❧♦❝❛❧✐sés ❞❛♥s ❧❡s ❊❚ ② s♦♥t ❤②♣❡r♠ét❤②❧és ✭❆r❛♥❞
❡t ❛❧✳✱ ✷✵✶✷❀ ▼❡✐ss♥❡r ❡t ❛❧✳✱ ✷✵✵✽✮ ❡t ❧✬✐♥❛❝t✐✈❛t✐♦♥ ❞❡ ❉♥♠t✶ ❡♥tr❛î♥❡ ❧❛ ré❛❝t✐✈❛t✐♦♥
❞❡s é❧é♠❡♥ts ■❆P ✭❍✉t♥✐❝❦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❉❛♥s ❧✬❡♠❜r②♦♥✱ ❧❡ ❝♦♥st❛t ❡st ❧❡ ♠ê♠❡✱ ✉♥
ét❛t ❤②♣♦♠ét❤②❧é ✐♥❞✉✐t ❧✬❡①♣r❡ss✐♦♥ ❞❡s é❧é♠❡♥ts ■❆P ✭❲❛❧s❤ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❉❛♥s ❧❡ ❝❛s
❞❡ ❊❙❈ ❝✉❧t✐✈é❡s ❞❛♥s ❞✉ sér✉♠ ❡t ❞♦♥❝ ❤②♣❡r♠ét❤②❧é❡s ✭∼✼✵✪✮✱ ❧❡s é❧é♠❡♥ts ▲✶ ❡t à
▲❚❘ ✭▲✐ ❡t ❛❧✳✱ ✷✵✶✺✮ s♦♥t ❛✉ss✐ ❞❡♥sé♠❡♥t ♠ét❤②❧és✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❝❡❧❧✉❧❡s
♠❊❙❈ ♠✉té❡s ♣♦✉r ❉♥♠t✶✱ ❉♥♠t✸❛ ❡t ❉♥♠t✸❜ ✭❝❡❧❧✉❧❡s t❑❖✮✱ s❡✉❧❡♠❡♥t ✺ ❝❧❛ss❡s
❞✬é❧é♠❡♥ts à ▲❚❘ s♦♥t ré❛❝t✐✈é❡s ✐♠♣❧✐q✉❛♥t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ♠é❝❛♥✐s♠❡ ❛❧t❡r♥❛t✐❢ ❞❡
ré♣r❡ss✐♦♥ ✭❑❛r✐♠✐ ❡t ❛❧✳✱ ✷✵✶✶✮ ✭✈♦✐r P❛rt✐❡ ✶✳✷✳✸✮✳
▲❡ ❝♦♥trô❧❡ ❞❡s ❊❚ ❡st ❡ss❡♥t✐❡❧ ❞❛♥s ❧❡s ❣❛♠èt❡s ♣♦✉r ♣rés❡r✈❡r ❧✬✐♥té❣r✐té ❞✉
♠❛tér✐❡❧ ❤éré❞✐t❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ♥❡ ❥♦✉❡ ♣❛s ❧❡ ♠ê♠❡ rô❧❡ ❞❛♥s
❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❡t ❢❡♠❡❧❧❡s✳ P♦✉r s❛ ♣❛rt✱ ❧❡ ❣é♥♦♠❡ ❞❡ ❧✬♦✈♦❝②t❡ à ♠❛t✉✲
r✐té ❡st ❢❛✐❜❧❡♠❡♥t ♠ét❤②❧é ✭✹✵✪✮✱ ♠ét❤②❧❛t✐♦♥ ❞é♣❡♥❞❛♥t❡ ❞❡ ❉◆▼❚✸▲ ❡t ❉◆▼❚✸❆
✭❑♦❜❛②❛s❤✐ ❡t ❛❧✳✱ ✷✵✶✷❀ ❙❤✐r❛♥❡ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ▲❡s rétr♦tr❛♥s♣♦s♦♥s ✭▲✶✱ ❆❧✉ ❡t ■❆P✮
s♦♥t ❛✉ss✐ ♣❛rt✐❡❧❧❡♠❡♥t ♠ét❤②❧és ✭❡♥tr❡ ✸✽ ❡t ✻✵✪ ❞❡ ♠ét❤②❧❛t✐♦♥✮ ❡t ❧❛ ♠ét❤②❧❛t✐♦♥
♥❡ s❡♠❜❧❡ ♣❛s ❥♦✉❡r ✉♥ rô❧❡ ♣ré♣♦♥❞ér❛♥t ♣♦✉r ❧❡✉r ré♣r❡ss✐♦♥✳ ▲❡s tr❛♥s❝r✐♣t♦♠❡s
❞❡s ♦✈♦❝②t❡s ♥♦r♠❛✉① ❡t ❞é♣♦✉r✈✉s ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ✭♠✉t❛♥ts ♣♦✉r ❉♥♠t✸❧✮
s♦♥t très ❢♦rt❡♠❡♥t ❝♦rré❧és ✭❑♦❜❛②❛s❤✐ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ② ❝♦♠♣r✐s ❛✉ ♥✐✈❡❛✉ ❞❡s é❧é♠❡♥ts
✸✻
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
tr❛♥s♣♦s❛❜❧❡s ✭❞♦♥♥é❡s ♣❡rs♦♥♥❡❧❧❡s✮✳ ▲❡✉r ré❣✉❧❛t✐♦♥ ❞é♣❡♥❞r❛✐t ❞❛♥s ❝❡ ❝♦♥t❡①t❡ ❛❧♦rs
❞✬✉♥ ❛✉tr❡ ♠é❝❛♥✐s♠❡✳ ■❧ ❛ ❛✐♥s✐ été ♠♦♥tré q✉❡ ❧❡s ❊❚ ♣♦✉rr❛✐❡♥t êtr❡ ré♣r✐♠és ❞❛♥s
❧✬♦✈♦❝②t❡ ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞✬✐♥t❡r❢ér❡♥❝❡ à ❆❘◆ ✭❑❛❜❛②❛♠❛ ❡t ❛❧✳✱ ✷✵✶✼❀ ❲❛t❛♥✲
❛❜❡ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❊♥ ❝♦♠♣❛r❛✐s♦♥✱ ❧❡s s♣❡r♠❛t♦③♦ï❞❡s s♦♥t très ❢♦rt❡♠❡♥t ♠ét❤②❧é❡s
✭∼✾✵✪✮✳ ❉❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ s♦✉r✐s ❉♥♠t✸❧ ♠✉t❛♥t❡✱ ❧❡s séq✉❡♥❝❡s ▲✶ ❡t ■❆P s♦♥t
❢♦rt❡♠❡♥t ❞é♠ét❤②❧é❡s ❡t ré❛❝t✐✈é❡s ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ♠â❧❡s ❣❡r♠✐♥❛❧❡s✱ ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝
✉♥❡ stér✐❧✐té ❝♦♠♣❧èt❡ ✭❇♦✉r❝✬❤✐s ❛♥❞ ❇❡st♦r✱ ✷✵✵✹✮✳ ❉❡ ♠❛♥✐èr❡ s✉r♣r❡♥❛♥t❡✱ ❧❡s ♠✉✲
t❛♥ts ❉♥♠t✸❛ ❡t ❉♥♠t✸❜ ♥❡ s✉❜✐ss❡♥t ♣❛s ❞❡ ♣❡rt❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❊❚
✭❑❛t♦ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❈❡ rés✉❧t❛t ❛ été ✐♥t❡r♣rété ♣❡♥❞❛♥t ❧♦♥❣t❡♠♣s ❝♦♠♠❡ ✉♥ s✐❣♥❡ ❞❡
r❡❞♦♥❞❛♥❝❡ ❡♥tr❡ ❝❡s ❞❡✉① ❡♥③②♠❡s ♣♦✉r ♠ét❤②❧❡r ❧❡s ❊❚✱ ♠❛✐s ❝❡tt❡ ❤②♣♦t❤ès❡ ♥✬❛ ♣❛s
été ❢♦r♠❡❧❧❡♠❡♥t ♣r♦✉✈é❡ ♣❛r ❧❛ ❣❡♥ès❡ ❞❡ s♦✉r✐s ❞♦✉❜❧❡ ♠✉t❛♥t❡s✳ ▲❡s tr❛✈❛✉① ré❝❡♥ts
❞✉ ❧❛❜♦r❛t♦✐r❡ ♦♥t ❡♥ ❢❛✐t ❞é♠♦♥tré ❧✬❡①✐st❡♥❝❡ ✐♥s♦✉♣ç♦♥♥é❡ ❥✉sq✉✬❛❧♦rs ❞✬✉♥❡ ♥♦✉✈❡❧❧❡
❉◆▼❚✱ ❉◆▼❚✸❈✱ s♣é❝✐❛❧✐sé❡ ❞❛♥s ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s ré❣✐♦♥s ♣r♦♠♦tr✐❝❡s ❞❡s ❊❚ ❥❡✲
✉♥❡s ❡t ❝♦♠♣❧❡ts✳ ❈❡ tr❛✈❛✐❧ ❛✉q✉❡❧ ❥✬❛✐ ♣❛rt✐❝✐♣é ❛ ♥é❝❡ss✐té ✉♥❡ ét✉❞❡ ❛♣♣r♦❢♦♥❞✐❡ ❞❡
❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s ❊❚ ❛✜♥ ❞❡ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧❛ s♣é❝✐✜❝✐té ❞❡ ❝❡tt❡ ❡♥③②♠❡ ✭✈♦✐r
P❛rt✐❡ ✸✳✷✮✳
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❡t ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡
❧✬❆❉◆ ❡st ✉♥ ✐♠♣♦rt❛♥t ♠é❝❛♥✐s♠❡ ❞❡ ré♣r❡ss✐♦♥ ❞❡s ❊❚✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♠ét❤②❧❛t✐♦♥
❡st r❡♣r♦❣r❛♠♠é❡ ❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ♣ér✐✲✐♠♣❧❛♥t❛t♦✐r❡ ❡t ❞❡s P●❈ ✭✈♦✐r P❛r✲
t✐❡ ✶✳✷✳✷✮✳ ❈♦♠♠❡♥t ❧❡s ❊❚ s♦♥t✲✐❧s ♠❛✐♥t❡♥✉s s♦✉s s✐❧❡♥❝❡ ♣❡♥❞❛♥t ❝❡s ♣❤❛s❡s ❞❡ ♣❡rt❡
❞❡ ♠ét❤②❧❛t✐♦♥❄ ❈❡tt❡ q✉❡st✐♦♥ ❛ été ❛❞r❡ssé❡ ❛✉ ❝♦✉rs ❞❡ ♠♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ ✈✐❛ ✉♥
s②stè♠❡ ❝❡❧❧✉❧❛✐r❡ ❞❡ r❡♣r♦❣r❛♠♠❛t✐♦♥ ❞❡ ♠ét❤②❧❛t✐♦♥ ✐♥❞✉✐t❡ ✭✈♦✐r P❛rt✐❡ ✷✳✷✮✳
✶✳✷✳✸ ▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✾ ❞❡ ❧✬❤✐st♦♥❡ ❍✸
▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✾ ❞❡ ❧✬❤✐st♦♥❡ ❍✸ ✭❍✸❑✾✮ ❡st ✉♥❡ ♠❛rq✉❡ ❞❡ ❧✬❤étér♦❝❤r♦✲
♠❛t✐♥❡ ✭✈♦✐r P❛rt✐❡ ✶✳✷✳✶✮✳ ❊❧❧❡ ♣❡✉t ❡①✐st❡r ❡♥ ❞✐✛ér❡♥t❡s ✈❡rs✐♦♥s ✿ ♠♦♥♦♠ét❤②❧❛t✐♦♥
✭♠❡✮✱ ❞✐♠ét❤②❧❛t✐♦♥ ✭♠❡✷✮ ❡t tr✐♠ét❤②❧❛t✐♦♥ ✭♠❡✸✮✳ ▲❡s ❡♥③②♠❡s ●✾❆ ✭❛✉ss✐ ❛♣♣❡❧é❡
❊❍▼❚✷✮ ❡t ●▲P ✭❛✉ss✐ ❛♣♣❡❧é❡ ❊❍▼❚✶✮ ❝❛t❛❧②s❡♥t ❧❛ ♠♦♥♦ ❡t ❧❛ ❞✐♠ét❤②❧❛t✐♦♥ ❞❡
❍✸❑✾ ❡t ❢♦r♠❡♥t ✉♥ ❞✐♠èr❡ ♣♦✉r ét❛❜❧✐r ❡t ♠❛✐♥t❡♥✐r ❝❡tt❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✬❤✐st♦♥❡s
✭❙❤✐♥❦❛✐ ❛♥❞ ❚❛❝❤✐❜❛♥❛✱ ✷✵✶✶✮✳ ▲❛ ♠❛rq✉❡ ❍✸❑✾♠❡✷ ❡st ❢♦rt❡♠❡♥t ❝♦rré❧é❡ à ✉♥❡ ré✲
♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡✳ ❊❧❧❡ ❡st ❞é♣♦sé❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦r♣s ❞❡s ❣è♥❡s ❡t ❞❛♥s ❧❡s
ré❣✐♦♥s ✐♥t❡r❣é♥✐q✉❡s ✭❩②❧✐❝③ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ▲❛ tr✐♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✾ ❡st ❝❛t❛❧②sé❡ ♣❛r
❞✐✛ér❡♥t❡s ❡♥③②♠❡s✱ ❙❊❚❉❇✶ ✭❛✉ss✐ ❛♣♣❡❧é❡ ❊❙❊❚✮✱ ❙❯❱✸✾❍✶ ❡t ❙❯❱✸✾❍✷✳ ▲❡s s✐t❡s
✸✼
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❝✐❜❧❡s ♠❛❥❡✉rs ❞❡ ❍✸❑✾♠❡✸ ♠é❞✐é❡ ♣❛r ❧❡s ❡♥③②♠❡s ❙❯❱✸✾ s♦♥t ❧✬❤étér♦❝❤r♦♠❛t✐♥❡ ❝♦♥✲
st✐t✉t✐✈❡✱ ♥♦t❛♠♠❡♥t ❝❡❧❧❡ s✐t✉é❡ ❡♥ ré❣✐♦♥ ♣ér✐❝❡♥tr♦♠ér✐q✉❡✳ ▲❛ ♣r♦té✐♥❡ ❍P✶ ✭♣♦✉r
❤❡t❡r♦❝❤r♦♠❛t✐♥ ♣r♦t❡✐♥ ✶ ✮ r❡❝♦♥♥❛ît ❝❡tt❡ ♠❛rq✉❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤étér♦❝❤r♦♠❛t✐♥❡ ❛s✲
s✉r❛♥t s❛ ❢♦r♠❛t✐♦♥✱ s♦♥ ♠❛✐♥t✐❡♥ ❡t s❛ ré♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ✭▲❡❤♥❡rt③ ❡t ❛❧✳✱
✷✵✵✸✮✳ ■❧ ❛ été ♠♦♥tré q✉❡ ❧❛ ❧②s✐♥❡ ♠ét❤②❧tr❛♥s❢ér❛s❡ ❙❊❚❉❇✶ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❛ ♣r♦té✐♥❡
❑❆P✶ ✭♣♦✉r ❑❘❆❇✲❛ss♦❝✐❛t❡❞ ♣r♦t❡✐♥ ✶✱ ❛✉ss✐ ❛♣♣❡❧é❡ ❚❘■▼✷✽✮ ✭❙❝❤✉❧t③ ❡t ❛❧✳✱ ✷✵✵✷✮✳
❑❆P✶ ❡st r❡❝r✉té❡ s✉r ❞❡s séq✉❡♥❝❡s ❣é♥♦♠✐q✉❡s ♣❛rt✐❝✉❧✐èr❡s ♣❛r ✉♥ ❧❛r❣❡ ❣r♦✉♣❡ ❞❡
♣r♦té✐♥❡s✱ ❧❡s ❑❘❆❇✲❩❋P ✭♣♦✉r ❑❘✉♣♣❡❧✲❆ss♦❝✐❛t❡❞ ❇♦① ❞♦♠❛✐♥ ❩✐♥❝✲❋✐♥❣❡r Pr♦t❡✐♥✮✳
❈❡s ♣r♦té✐♥❡s s♦♥t ❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ q✉✐ s❡ ✜①❡♥t à ❧✬❆❉◆ ❣râ❝❡ à ❧❡✉r ❞♦✲
♠❛✐♥❡ ❡♥ ❞♦✐❣t ❞❡ ③✐♥❝✱ ❡♥ très ❣r❛♥❞❡ ♠❛❥♦r✐té s✉r ❞❡s ♠♦t✐❢s ❡♥r✐❝❤✐s ❞❛♥s ❧❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ✭■♠❜❡❛✉❧t ❡t ❛❧✳✱ ✷✵✶✼✮✳
❆❧♦rs q✉❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❡st ✉♥ ❞ét❡r♠✐♥❛♥t ❡ss❡♥t✐❡❧ ❞❡ ❧❛ ré♣r❡ss✐♦♥
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❧❡s t✐ss✉s s♦♠❛t✐q✉❡s✱ ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❍✸❑✾♠❡✷✴♠❡✸
s❡♠❜❧❡♥t ♣❧✉s ✐♠♣♦rt❛♥t❡s ♣♦✉r ❝❡tt❡ ❢♦♥❝t✐♦♥ ❞❛♥s ❧❡s ❊❙❈✳ ❉✬❛✉tr❡ ♣❛rt✱ ❞❛♥s ❝❡ t②♣❡
❝❡❧❧✉❧❛✐r❡✱ ❧❡s ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞❡ ❊❚ s❡♠❜❧❡♥t ❛✈♦✐r ✉♥❡ s♣é❝✐✜❝✐té ❞❡ ❝✐❜❧❛❣❡ ♣❛r ❧❡s
❞✐✛ér❡♥t❡s ❡♥③②♠❡s ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✾✳ ❆✐♥s✐✱ ❧❡s é❧é♠❡♥ts à ▲❚❘ ❞❡ ▼❊❘❱▲
✭é❧é♠❡♥ts à ▲❚❘ ❞❡ t②♣❡ ❊❘❱▲✱ ✈♦✐r P❛rt✐❡ ✶✳✶✳✹✮ s♦♥t ré♣r✐♠és ♣❛r ❧❛ ♠❛rq✉❡ ❍✸❑✾♠❡✷
❞é♣❡♥❞❛♥t❡ ❞❡ ●✾❆ ❡t ●P▲ ✭▼❛❦s❛❦♦✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s é❧é♠❡♥ts à
▲❚❘ ❞❡s ❝❧❛ss❡s ❊❘❱✶ ❡t ❊❘❱❑ ♥❡ s♦♥t ♣❛s ré♣r✐♠és ♣❛r ❝❡tt❡ ✈♦✐❡ ♠ét❛❜♦❧✐q✉❡ ♠❛✐s
♣❧✉tôt ♣❛r ❧❛ ♠ét❤②❧❛t✐♦♥ ❍✸❑✾ ❞é♣❡♥❞❛♥t❡ ❞❡ ❙❊❚❉❇✶ ✭❉♦♥❣ ❡t ❛❧✳✱ ✷✵✵✽❀ ▼❛❦s❛❦♦✈❛
❡t ❛❧✳✱ ✷✵✶✸✮✳ ❊♥ ❝♦♥t❡①t❡ Setdb1−/−✱ ✻✾ ❢❛♠✐❧❧❡s ❞❡s ❝❧❛ss❡s ❊❘❱✶ ❡t ❊❘❱❑ s♦♥t
s✉r❡①♣r✐♠é❡s✱ ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❡✉r ❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ❍✸❑✾♠❡✸
✭❑❛r✐♠✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❉❡ ♣❧✉s✱ ❙❊❚❉❇✶ ❝✐❜❧❡ ❧❡s é❧é♠❡♥ts ❊❘❱✶ ❡t ❊❘❱❑ ❝♦♠♣❧❡ts✳
▲❛ ♠❛rq✉❡ ❍✸❑✾♠❡✸ ❡st ❡♥s✉✐t❡ ♠❛✐♥t❡♥✉❡ ❡t ♣r♦♣❛❣é❡ ❛✉① séq✉❡♥❝❡s ✈♦✐s✐♥❡s ❞❡ ❝❡s
é❧é♠❡♥ts ♣❛r ❙❯❱✸✾❍✶ ❡t ❙❯❱✸✾❍✷ ✭❇✉❧✉t✲❑❛rs❧✐♦❣❧✉ ❡t ❛❧✳✱ ✷✵✶✹✮ ✭❋✐❣✉r❡ ✶✳✶✻❇✮✳ ❈❡s
❞❡✉① ❡♥③②♠❡s ❞é♣♦s❡♥t ❛✉ss✐ ❝❡tt❡ ♠❛rq✉❡ ❞❛♥s ❧❡s ré❣✐♦♥s ✺✬❯❚❘ ❞❡s é❧é♠❡♥ts ▲✶
❝♦♠♣❧❡ts ❧❡s ♣❧✉s ré❝❡♥ts ✭❋✐❣✉r❡ ✶✳✶✻❆✮✳ ❉❛♥s ✉♥ ❝♦♥t❡①t❡ ♦ù ❙❯❱✸✾❍✶ ❡t ❙❯❱✸✾❍✷
s♦♥t ♠✉té❡s✱ ❧❡s é❧é♠❡♥ts ▲✶ s♦♥t ré❛❝t✐✈és ❛❧♦rs q✉❡ ❧❡s rétr♦tr❛♥s♣♦s♦♥s ❊❘❱✶ ❡t
❊❘❱❑ r❡st❡♥t ré♣r✐♠és✳ ▲❛ ♠❛rq✉❡ ❍✸❑✾♠❡✸ ✐♥✐t✐❛❧❡♠❡♥t ❞é♣♦sé❡ ♣❛r ❙❊❚❉❇✶ ❡st
❛❧♦rs s✉✣s❛♥t❡ ♣♦✉r ré♣r✐♠❡r ❝❡s é❧é♠❡♥ts✳
❉❛♥s ❧❡s ❊❙❈ ❤✉♠❛✐♥❡s✱ ❧❛ ♣r♦té✐♥❡ ❑❆P✶ ❡st r❡❝r✉té❡ ❛✉ ♥✐✈❡❛✉ ❞❡s é❧é♠❡♥ts ▲✶
❝♦♠♣❧❡ts ♠❛✐s ❛✈❡❝ ✉♥❡ ❝❡rt❛✐♥❡ ❛♥❝✐❡♥♥❡té ✭é❧é♠❡♥ts ✐♥té❣rés ❞❡ ✼✳✻ à ✸✶ ▼②❛✮✱ ❡♥ ❛❝✲
❝♦r❞ ❛✈❡❝ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ♣r♦té✐♥❡s ❑❘❆❇✲❩❋P ❛②❛♥t ❛❝q✉✐s ✉♥❡ s♣é❝✐✜❝✐té ❞❡ séq✉❡♥❝❡
✸✽
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
Scale
chr1:
SINE
LINE
LTR
DNA
Simple
Low Complexity
Satellite
RNA
Other
Unknown
5 kb mm10
45,730,000 45,735,000 45,740,000 45,745,000
H3K9me3 WT
Bulut-Karslioglu et al
500 _
0 _
H3K9me3 WT
Karimi et al 
500 _
0 _
H3K9me3 Setdb1 KO
Karimi et al
500 _
0 _
H3K9me3 Suv39h dn
Bulut-Karslioglu et al
500 _
0 _
RNA WT
Karimi et al
750 _
0 _
RNA WT
Bulut-Karslioglu et al
750 _
0 _
RNA Setdb1 KO
Karimi et al
750 _
0 _
RNA Suv39h dn 
Bulut-Karslioglu et al
750 _
0 _
IAPEz >>>
Setdb1
Suv39h
5’LTR 3’LTR
A
B
Suv39h
5’UTRElément LINE
Elément ERV
❋✐❣✉r❡ ✶✳✶✻✿ ❘é♣r❡ss✐♦♥ ❞❡s é❧❡♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❛r ❍✸❑✾♠❡✸ ❞❛♥s ❧❡s
♠❊❙❈✳ ❆✳ ▲❡s é❧é♠❡♥ts ▲■◆❊ s♦♥t ré♣r✐♠és ♣❛r ❍✸❑✾♠❡✸ ❞é♣♦sé❡ ♣❛r ❙❯❱✸✾❍✶ ❡t
❙❯❱✸✾❍✷ ✭♥♦té❡s ✐❝✐ ❙✉✈✸✾❤✮ ❞❛♥s ❧❛ ♣❛rt✐❡ ✺✬❯❚❘✱ ré❣✐♦♥ ♣r♦♠♦tr✐❝❡✳ P♦✉r ❧❡s ❊❘❱✱ ❧❛
♠❛rq✉❡ ❍✸❑✾♠❡✸ ❡st ❞é♣♦sé❡ ♣❛r ❙❊❚❉❇✶ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ séq✉❡♥❝❡✳ ❈❡tt❡ ♠❛rq✉❡
❡st ♣r♦♣❛❣é❡ ❛✉① ré❣✐♦♥s ✢❛♥q✉❛♥t❡s ♣❛r ❙❯❱✸✾❍✶ ❡t ❙❯❱✸✾❍✷✳ ❇✳ ❱✐s✉❛❧✐s❛t✐♦♥ ❞❡
❞♦♥♥é❡s ❈❤■P✲s❡q ❡t ❘◆❆✲s❡q ❛✉ ♥✐✈❡❛✉ ❞✬✉♥ é❧é♠❡♥t ■❆P❊③ ✭❊❘❱✷✮✳ ▲❡s ❞♦♥♥é❡s s♦♥t
✐ss✉❡s ❞❡ ❇✉❧✉t✲❑❛rs❧✐♦❣❧✉ ❡t ❛❧✳ ✭✷✵✶✹✮❀ ❑❛r✐♠✐ ❡t ❛❧✳ ✭✷✵✶✶✮✳
♣♦✉r ❝❡s é❧é♠❡♥ts✳ ❙❛ ✜①❛t✐♦♥ ❡♥tr❛î♥❡ ✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t ❞❡ ❍✸❑✾♠❡✸ ✈✐❛ ❧❡ r❡❝r✉t❡✲
♠❡♥t ❞❡ ❙❊❚❉❇✶ ❡t s❛ ❞é❧ét✐♦♥ ✐♥❞✉✐t ❧❛ ré❡①♣r❡ss✐♦♥ s♣é❝✐✜q✉❡ ❞❡ ❝❡s é❧é♠❡♥ts ❧❡s
♣❧✉s ❛♥❝✐❡♥s ✭❈❛str♦✲❉✐❛③ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s s♦✉s✲❢❛♠✐❧❧❡s ❞❡ ▲✶ ❤✉♠❛✐♥❡s
❧❡s ♣❧✉s ré❝❡♥t❡s ✭▲✶P❆✷ ❛♥❞ ▲✶❍❙✮ ♥❡ s♦♥t ♣❛s ❝✐❜❧é❡s ♣❛r ❑❆P✶✳ ❯♥❡ ❛♥❛❧②s❡ ❝♦♠✲
♣❛r❛t✐✈❡ ❞❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❞é❧ét✐♦♥ ❞❡ ✶✷✾
✸✾
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
♣❜ ❞❛♥s ❧❡s séq✉❡♥❝❡s ▲✶P❆✷ ❡t ▲✶❍❙✳ ❈❡tt❡ ❞é❧ét✐♦♥ ♣❡r♠❡t à ❝❡s é❧é♠❡♥ts ❞✬é❝❤❛♣♣❡r
❛✉ ♠é❝❛♥✐s♠❡ ❞❡ ré♣r❡ss✐♦♥ ♠✐s ❡♥ ♣❧❛❝❡ ♣❛r ❧❛ ♣r♦té✐♥❡ ❑❘❆❇✲❩❋P ❩◆❋✾✸ ✭❏❛❝♦❜s
❡t ❛❧✳✱ ✷✵✶✹✮✳ ❊♥ ❡✛❡t✱ ❧❛ ♣r♦té✐♥❡ ❩◆❋✾✸ s❡ ✜①❡ ❛✉① é❧é♠❡♥ts ❞é♣♦✉r✈✉s ❞❡ ❝❡tt❡ ❞é❧é✲
t✐♦♥ ✭é❧é♠❡♥ts ▲✶P❆✸✱ ▲✶P❆✹✱ ▲✶P❆✺ ❡t ▲✶P❆✻ ♣❧✉s ❛♥❝✐❡♥s✮ ❡t r❡❝r✉t❡ ❑❆P✶ ♣✉✐s
❙❊❚❉❇✶ ❡♥tr❛î♥❛♥t ❧❡✉r ♠✐s❡ s♦✉s s✐❧❡♥❝❡ ✈✐❛ ❧❛ ❞é♣♦s✐t✐♦♥ ❞❡ ❍✸❑✾♠❡✸✳ ❑❆P✶ s❡ ❧✐❡
❛✉ss✐ ❛✉① é❧é♠❡♥ts ❙■◆❊ ❞❡ t②♣❡ ❙❱❆ ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✹✮ ✈✐❛ ❧❛ ♣r♦té✐♥❡ ❩◆❋✾✶ ✭❏❛❝♦❜s
❡t ❛❧✳✱ ✷✵✶✹✮✳ ❈❤❛q✉❡ ❢❛♠✐❧❧❡ ♦✉ s♦✉s✲❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st ❧❛ ❝✐❜❧❡ ❞✬✉♥❡
♣r♦té✐♥❡ ❑❘❆❇✲❩❋P✳ ▲❡s ❢❛♠✐❧❧❡s ❧❡s ♣❧✉s ❥❡✉♥❡s ♣❡✉✈❡♥t é❝❤❛♣♣❡r à ❝❡ ♠é❝❛♥✐s♠❡
❡♥ é✈♦❧✉❛♥t r❛♣✐❞❡♠❡♥t✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡s ❊❚ ❡t ❧❡s ♣r♦té✐♥❡s
❑❘❆P✲❩❋P ❝♦✲é✈♦❧✉❡♥t✳
P♦✉r ✉♥❡ r❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ s✉r ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✾✱ s❡ ré❢ér❡r à ❇❡❝❦❡r
❡t ❛❧✳ ✭✷✵✶✻✮❀ ▲❡✉♥❣ ❛♥❞ ▲♦r✐♥❝③ ✭✷✵✶✷✮✳
✶✳✷✳✹ ▲❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✷✼ ❞❡ ❧✬❤✐st♦♥❡ ❍✸
▲❛ ♠❛rq✉❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬❤étér♦❝❤r♦♠❛t✐♥❡ ❝♦♥st✐t✉t✐✈❡ ❡st ❧❛ tr✐♠ét❤②❧❛t✐♦♥
❞❡ ❧❛ ❧②s✐♥❡ ✾ ❞❡ ❧✬❤✐st♦♥❡ ❍✸✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ tr✐♠ét❤②❧❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✷✼ ❞❡
❧✬❤✐st♦♥❡ ❍✸ ✭❍✸❑✷✼♠❡✸✮ ❡st s♦✉✈❡♥t ❡♥r✐❝❤✐❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤étér♦❝❤r♦♠❛t✐♥❡ ❢❛❝✲
✉❧t❛t✐✈❡✳ ❍✸❑✷✼♠❡✸ ❡st ❝♦rré❧é❡ à ✉♥❡ ré♣r❡ss✐♦♥ ❞❡s ❣è♥❡s ❡t ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞é✲
♣♦sé❡ s✉r ❧❡s ♣r♦♠♦t❡✉rs ❞♦♥t ❧❡s séq✉❡♥❝❡s s♦♥t r✐❝❤❡s ❡♥ ❈●✳ ❈❡tt❡ ♠❛rq✉❡ ♣❡✉t
❛✉ss✐ êtr❡ ❞ét❡❝té❡ ❞❛♥s ❧❡s ré❣✐♦♥s ✐♥t❡r❣é♥✐q✉❡s ✭❩❤❛♦ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❍✸❑✷✼♠❡✸ ❡st
r❡tr♦✉✈é❡ ❞❛♥s ❞❡s ré❣✐♦♥s ♦ù ❧✬❆❉◆ ♥✬❡st ♣❛s ♠ét❤②❧é ♦✉ ❛✈❡❝ ✉♥ ♥✐✈❡❛✉ ❢❛✐❜❧❡ ❞❡
♠ét❤②❧❛t✐♦♥ ✭❇r✐♥❦♠❛♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ s✉❣❣ér❛♥t ✉♥ ♣♦t❡♥t✐❡❧ ❛♥t❛❣♦♥✐s♠❡ ❡♥tr❡ ❧❡s ❞❡✉①
♠❛rq✉❡s✳ ❉❛♥s ❧✬❡♠❜r②♦♥ ♣ré✲✐♠♣❧❛♥t❛t♦✐r❡✱ ❝❡tt❡ ♠❛rq✉❡ s✬ét❛❜❧✐t ♣r♦❣r❡ss✐✈❡♠❡♥t
❛✈❡❝ ✉♥❡ tr❛♥s✐t✐♦♥ ♠❛rq✉é❡ ❡♥tr❡ ❧❡ st❛❞❡ ♠♦r✉❧❛ ❡t ❧❡ ❜❧❛st♦❝②st❡ ♣ré❝♦❝❡ ✭▲✐✉ ❡t ❛❧✳✱
✷✵✶✻✮✳ ❉❛♥s ❞❡s ❝❡❧❧✉❧❡s ❊❙❈ ♠✉r✐♥❡s ❝✉❧t✐✈é❡s ❞❛♥s ❞✉ sér✉♠✱ ❧❡s ❣è♥❡s ✐♠♣❧✐q✉és
❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t s♦♥t ré♣r✐♠és ❡t ❧❡✉r ♣r♦♠♦t❡✉r ❡st ♠❛rq✉é ♣❛r ❍✸❑✷✼♠❡✸✳ ▲❛
❞é❧ét✐♦♥ ❞✬✉♥ ❞❡s ❝♦♠♣♦s❛♥ts ❞✉ ❝♦♠♣❧❡①❡ ♣r♦té✐q✉❡✱ ❛♣♣❡❧é P❘❈✷ ✭♣♦✉r P♦❧②❝♦♠❜
❘❡♣r❡ss✐✈❡ ❈♦♠♣❧❡① ✷ ✮ r❡s♣♦♥s❛❜❧❡ ❞❡ ❝❡tt❡ ♠ét❤②❧❛t✐♦♥ ❡♥tr❛î♥❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ❣è♥❡s
❝✐❜❧❡s ✭❇♦②❡r ❡t ❛❧✳✱ ✷✵✵✻✮✱ ♣r♦✉✈❛♥t q✉❡ ❧❡✉r ré♣r❡ss✐♦♥ ❡st ❜✐❡♥ ❞✉❡ à ❝❡tt❡ ♠❛rq✉❡✳
❆✉ ❝♦✉rs ❞❡ ❧❛ ❞✐✛ér❡♥t✐❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✱ ❧❡s ❣è♥❡s ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t s♦♥t ❛❝t✐✈és ♣❛r
❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❡t ❧❛ ♠❛rq✉❡ ❡st ♣❡r❞✉❡ s✉r ❧❡✉r ♣r♦♠♦t❡✉r✳ ❊♥ r❡✈❛♥❝❤❡✱
❍✸❑✹♠❡✸✱ ❝♦rré❧é❡ à ✉♥❡ ❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ tr❛♥s❝r✐♣t✐♦♥✱ s❡ tr♦✉✈❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❡✉r
♣r♦♠♦t❡✉r ✭❇❡r♥st❡✐♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❍✸❑✷✼♠❡✸ ❡st ❞♦♥❝ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✬❤✐st♦♥❡s
✹✵
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ▲❛ ❞é❧ét✐♦♥ ❞✬✉♥ ❞❡s ❝♦♠♣♦s❛♥ts ❞❡ P❘❈✷ ❡st ❧é✲
t❛❧❡ ❡♥tr❡ ✺✳✺ ❥♦✉rs ❡t ✽✳✺ ❥♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡ ❡t ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡s
❞é❢❛✉ts ❞❡ ❢♦r♠❛t✐♦♥ ❧♦rs ❞❡ ❧❛ ❣❛str✉❧❛t✐♦♥ ✭❋❛✉st ❡t ❛❧✳✱ ✶✾✾✽❀ ❖✬❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✵✶❀
P❛s✐♥✐ ❡t ❛❧✳✱ ✷✵✵✹✮✳
▲❛ ré❛❝t✐♦♥ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✷✼ ❡st ❝❛t❛❧②sé❡ ♣❛r ❞❡✉① ❡♥③②♠❡s✱ ❊❩❍✶ ❡t
❊❩❍✷ ✈✐❛ ❧❡✉r ❞♦♠❛✐♥❡ ❙❊❚✳ ▼❛✐s ♣♦✉r êtr❡ ❢♦♥❝t✐♦♥♥❡❧❧❡s✱ ❝❡s ❞❡✉① ♣r♦té✐♥❡s ❞♦✐✈❡♥t
s❡ tr♦✉✈❡r ❛✉ s❡✐♥ ❞✉ ❝♦♠♣❧❡①❡ P❘❈✷ ❡♥ ♣rés❡♥❝❡ ❞❡ ❙❯❩✶✷✱ ❊❊❉ ❡t ❘❜❆♣✹✻✴✹✽
✭❛✉ss✐ ❝♦♥♥✉ s♦✉s ❧❡ ♥♦♠ ❞❡ ❘❇❇P✼✴✹✮✳ ❈❡ ❝♦♠♣❧❡①❡ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❞✐✲ ❡t
tr✐♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✷✼✳ P❘❈✷ ✐♥t❡r❛❣✐t étr♦✐t❡♠❡♥t ❛✈❡❝ ✉♥ ❛✉tr❡ ❝♦♠♣❧❡①❡ ♣r♦té✐q✉❡
❛♣♣❡❧é P❘❈✶✱ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬✉❜✐q✉✐t✐♥❛t✐♦♥ ❞❡ ❧❛ ❧②s✐♥❡ ✶✶✾ ❞❡ ❧✬❤✐st♦♥❡ ❍✷❆ ✈✐❛
❧✬❛❝t✐✈✐té ❞❡s ❡♥③②♠❡s ❘■◆●✶❆ ♦✉ ❘■◆●✶❇ ✭❍♦❧♦❝❤ ❛♥❞ ▼❛r❣✉❡r♦♥✱ ✷✵✶✼✮✳
❆❧♦rs q✉❡ ❍✸❑✾♠❡✸ ❛ ✉♥ rô❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❞❛♥s ❧❛ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s✱
❧❡ ❧✐❡♥ ❡♥tr❡ ❍✸❑✷✼♠❡✸ ❡t ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st ❜❡❛✉❝♦✉♣ ♠♦✐♥s ❝❧❛✐r✳ ■❧ ❛
été ♠♦♥tré q✉❡ ❧❡s é❧é♠❡♥ts ❊❘❱▲ ét❛✐❡♥t ❡♥r✐❝❤✐s ❡♥ ❍✸❑✷✼♠❡✸ ✭❉❛② ❡t ❛❧✳✱ ✷✵✶✵✮✳
❈❡♣❡♥❞❛♥t✱ ❧❛ ❞é❧ét✐♦♥ ❝♦♠❜✐♥é❡ ❞❡ ❊❡❞ ❡t ❞❡ ❘✐♥❣✶❜ ✐♥❞✉✐t s❡✉❧❡♠❡♥t ❧❛ ré❛❝t✐✈❛t✐♦♥
❞❡s é❧é♠❡♥ts ▼✉▲❱ ✭r❡❧❛t✐❢ ❛✉ ✈✐r✉s ❞❡ ❧❛ ❧❡✉❝é♠✐❡ ♠✉r✐♥❡✮ ❞❡ t②♣❡ ❊❘❱✶ ❡t ❞❡s ■❆P
✭❊❘❱❑✮ s✉✐t❡ à ✉♥❡ ♣❡rt❡ ❞❡ ❍✸❑✷✼♠❡✸ ✭▲❡❡❜ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆✉❝✉♥❡ ét✉❞❡ ♥❡ ❧✐❡ ❧❡s
é❧é♠❡♥ts ▲✶ ❡t ❍✸❑✷✼♠❡✸✳
P♦✉r ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ s✉r ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❍✸❑✷✼✱ s❡ ré❢ér❡r à ❲✐❧❡s ❛♥❞ ❙❡❧❦❡r
✭✷✵✶✼✮✳
✶✳✷✳✺ ▲✬✐♥t❡r❢ér❡♥❝❡ ❆❘◆ ✿ ❧❡ ❝♦♠♣❧❡①❡ P■❲■✲♣✐❘◆❆
❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬❆❉◆✱ ❧❛ séq✉❡♥❝❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉t êtr❡ r❡❝♦♥♥✉❡ ♣❛r
❞❡s ♣r♦té✐♥❡s ✭❝♦♠♠❡ ❧❡s ❑❘❆❇✲❩❋P✱ ✈♦✐r P❛rt✐❡ ✶✳✷✳✸✮ q✉✐ ✈♦♥t r❡❝r✉t❡r ❞❡s ❢❛❝t❡✉rs
✐♠♣❧✐q✉és ❞❛♥s ❧✬❤étér♦❝❤r♦♠❛t✐♥✐s❛t✐♦♥ ❡t ❛✐♥s✐ ❧✬❡①t✐♥❝t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡✳ ❉✬❛✉tr❡s
♠é❝❛♥✐s♠❡s✱ ❧✐és à ❧✬✐♥t❡r❢ér❡♥❝❡ à ❆❘◆✱ ❛❣✐ss❡♥t ❛✉ ♥✐✈❡❛✉ ♣♦st✲tr❛♥s❝r✐♣t✐♦♥♥❡❧✱ ❡♥
❝✐❜❧❛♥t ❧❡s tr❛♥s❝r✐ts ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❉❛♥s ❝❡ ❝❛s✱ ❞❡s ♣❡t✐ts ❆❘◆ ❝♦✉✲
♣❧és ❛✉① ♣r♦té✐♥❡s ❛r❣♦♥❛✉t❡s r❡❝♦♥♥❛✐ss❡♥t ♣❛r ❤♦♠♦❧♦❣✐❡ ❞❡ séq✉❡♥❝❡s ❧✬❆❘◆ ❞❡s
é❧é♠❡♥ts ❝✐❜❧❡s ♣♦✉r ✐♥❞✉✐r❡ ❧❡✉r ❞é❣r❛❞❛t✐♦♥ ♦✉ ❡♠♣ê❝❤❡r ❧❡✉r tr❛❞✉❝t✐♦♥✳ ❈❤❡③ ❧❡s
♠❛♠♠✐❢èr❡s✱ tr♦✐s ❝❧❛ss❡s s♦♥t ✐❞❡♥t✐✜é❡s ✿ ❧❡s ♠✐❝r♦❘◆❆ ✭♠✐❘◆❆✮✱ ❧❡s s♠❛❧❧ ✐♥t❡r❢❡r✲
✐♥❣ ❘◆❆ ✭s✐❘◆❆✮ ❡t ❧❡s P✐✇✐✲✐♥t❡r❛❝t✐♥❣ ❘◆❆ ✭♣✐❘◆❆✮✳ ■❧s ♣❡✉✈❡♥t êtr❡ ❞✐st✐♥❣✉és ♣❛r
❧❡✉r t❛✐❧❧❡ ✿ ❡♥tr❡ ✷✶ ❡t ✷✹ ♥✉❝❧é♦t✐❞❡s ♣♦✉r ❧❡s ♠✐❘◆❆ ❡t ❧❡s s✐❘◆❆✱ ❡t ❡♥tr❡ ✷✺ ❡t ✸✵
♥✉❝❧é♦t✐❞❡s ♣♦✉r ❧❡s ♣✐❘◆❆✳ P❛r♠✐ ❝❡s tr♦✐s ❝❧❛ss❡s✱ ❧❡s ♣✐❘◆❆ s♦♥t ❧❡s ♣❧✉s ❡①♣r✐♠és
✹✶
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❛✉ ❝♦✉rs ❞❡ ❧❛ s♣❡r♠❛t♦❣❡♥ès❡✱ ❛✈❡❝ ❞❡✉① ❡s♣è❝❡s ❞✐st✐♥❝t❡s ❣é♥éré❡s à ❞✐✛ér❡♥ts st❛❞❡s
✿ ❧❡s ♣✐❘◆❆ ♣ré✲♣❛❝❤②tè♥❡s ❡t ❧❡s ♣✐❘◆❆ ♣❛❝❤②tè♥❡s✳ ■❧s s✬❛ss♦❝✐❡♥t à ✉♥❡ s♦✉s✲❢❛♠✐❧❧❡
♣❛rt✐❝✉❧✐èr❡s ❞❡ ♣r♦té✐♥❡s ❆r❣♦♥❛✉t❡✱ ❧❡s P■❲■ ✭P✲❡❧❡♠❡♥t ■♥❞✉❝❡❞ ❲■♠♣② t❡st✐s✮✱ q✉✐
s♦♥t s♣é❝✐✜q✉❡s ❞❡ ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡✳ ▲❡s ♣r♦té✐♥❡s P■❲■ ❝♦♥t✐❡♥♥❡♥t ✉♥ ❞♦♠❛✐♥❡
P■❲■ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❛❝t✐✈✐té ❞✬❡♥❞♦r✐❜♦♥✉❝❧é❛s❡✳ ❈❤❡③ ❧❛ s♦✉r✐s✱ ✐❧ ❡①✐st❡ tr♦✐s ♣r♦✲
té✐♥❡s P■❲■ ✿ ▼■▲■✱ ▼■❲■ ❡t ▼■❲■✷ t❛♥❞✐s q✉✬❡❧❧❡s s♦♥t ❛✉ ♥♦♠❜r❡ ❞❡ ✹ ❝❤❡③ ❧✬❤♦♠♠❡
✭P■❲■▲✶✱ P■❲■▲✷✱ P■❲■▲✸✱ P■❲■▲✹✮✳ ▲❛ ❞②♥❛♠✐q✉❡ ❞✬❡①♣r❡ss✐♦♥ ❞❡s ♣✐❘◆❆ ♠❛♠✲
♠✐❢èr❡s ❡t ❧❡✉r ♠♦❞❡ ❞✬❛❝t✐♦♥ ♦♥t été ♣r✐♥❝✐♣❛❧❡♠❡♥t ét✉❞✐és ❝❤❡③ ❧❛ s♦✉r✐s ♠❛✐s ✐❧s s♦♥t
♣rés❡♥ts ❞❛♥s ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ❞❡ t♦✉s ❧❡s ❛♥✐♠❛✉① ❡♥ ❣é♥ér❛❧✳
▲❡s ♣✐❘◆❆ ♣ré✲♣❛❝❤②tè♥❡s s♦♥t ♣r♦❞✉✐ts q✉❡❧q✉❡s ❥♦✉rs ❛✈❛♥t ❧❛ ♥❛✐ss❛♥❝❡ ✭à ♣❛rt✐r
❞❡ ✶✸✱✺ ❥♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡ ❞✉ t❡st✐❝✉❧❡✮ ❡t s♦♥t ❡♥❝♦r❡ ♣rés❡♥ts ❛♣rès
❧❛ ♥❛✐ss❛♥❝❡ ❥✉sq✉✬à ❧❛ ♠é✐♦s❡ ✭●❛♥ ❡t ❛❧✳✱ ✷✵✶✶✮ ✭❋✐❣✉r❡ ✶✳✶✼✮✳ ▲❡✉r s②♥t❤ès❡ ❞é♣❡♥❞
❞❡ ❞❡✉① ♣r♦té✐♥❡s P■❲■✱ ▼■▲■ ❡t ▼■❲■✷✱ ❛✈❡❝ ❧❡sq✉❡❧❧❡s ✐❧s ❢♦r♠❡♥t ❞❡s ❣r❛♥✉❧❡s ❝②t♦✲
♣❧❛s♠✐q✉❡s ❛♣♣❡❧és ✧♥✉❛❣❡✧✳ ❊♥✈✐r♦♥ ❧❛ ♠♦✐t✐é ❞❡s ♣✐❘◆❆ ♣ré✲♣❛❝❤②tè♥❡s ♣r♦✈✐❡♥♥❡♥t
❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭❆r❛✈✐♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❡✉r rô❧❡ s✉r ❧❛ ré♣r❡ss✐♦♥ ❞❡ ❊❚ ❛ été
❧❛r❣❡♠❡♥t ❝❛r❛❝tér✐sé ❛✐♥s✐ q✉❡ ❧❡s ❞✐✛ér❡♥t❡s ♣r♦té✐♥❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❝❡tt❡ ✈♦✐❡✳ ▲❡s
♣✐❘◆❆ ♣❛❝❤②tè♥❡s✱ ❧❛ s❡❝♦♥❞❡ ❝❧❛ss❡ ❞❡ ♣✐❘◆❆✱ s♦♥t ❡✉① ♣rés❡♥ts✱ ❡♥ ✈✐❡ ♣♦st✲♥❛t❛❧❡✱
❞❛♥s ❧❡s s♣❡r♠❛t♦❝②t❡s ❡t ❧❡s s♣❡r♠❛t✐❞❡s r♦♥❞❡s✳ ■❧s s♦♥t ❛ss♦❝✐és ❛✉① ♣r♦té✐♥❡s ▼■▲■
❡t ▼■❲■ ❡t ♣r♦❞✉✐ts ❡♥ ♠❛❥♦r✐té à ♣❛rt✐r ❞✬❆❘◆ ♣r♦✈❡♥❛♥t ❞❡ ré❣✐♦♥s ✐♥t❡r❣é♥✐q✉❡s
❜✐❡♥ ❝❛r❛❝tér✐sé❡s q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❞❡s ❝❧✉st❡rs✳ ❙❡✉❧❡♠❡♥t✱ ✶✼✪ ❞❡s ♣✐❘◆❆ ♣❛❝❤②tè♥❡s
s♦♥t ❞ér✐✈és ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭●❛♥ ❡t ❛❧✳✱ ✷✵✶✶✮✱ s♦✐t ❡♥ ❞é✜❝✐t ♣❛r r❛♣♣♦rt à ❧❛
r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❊❚ ❞❛♥s ❧❡ ❣é♥♦♠❡✳ ▲❡✉r ❢♦♥❝t✐♦♥ r❡st❡ é♥✐❣♠❛t✐q✉❡✱ ❡t ♣♦✉rr❛✐t êtr❡
❧✐é❡ à ❧❛ ré❣✉❧❛t✐♦♥ ❞❡ ❧❛ ♠é✐♦s❡✱ à ❧❛ ♣r♦t❡❝t✐♦♥ ❞❡s ❆❘◆ ❧♦rs ❞❡ ❧❛ s♣❡r♠✐♦❣❡♥ès❡ ♦✉
❧❛ ré❣✉❧❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ❣è♥❡s✳
▲❡s ♣✐❘◆❆ ♣ré✲♣❛❝❤②tè♥❡s✱ ❝❡✉① ❧✐és à ❧❛ ré♣r❡ss✐♦♥ ❞❡s ❊❚ s❡r❛✐❡♥t ♣r♦❞✉✐ts ♣❛r
❞❡✉① ✈♦✐❡s ♠ét❛❜♦❧✐q✉❡s s✉❝❝❡ss✐✈❡s ✿ ✉♥ ♣r♦❝❡ss✉s ♣r✐♠❛✐r❡ ❡t ✉♥❡ ❜♦✉❝❧❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥
❛♣♣❡❧é❡ ❝②❝❧❡ ♣✐♥❣✲♣♦♥❣ ✭❋✐❣✉r❡ ✶✳✶✼✮✳ ◆♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❜✐♦s②♥t❤ès❡ ❞❡s ♣✐❘◆❆
♣r♦✈✐❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞✬ét✉❞❡s ❣é♥ét✐q✉❡s ❞❡ ♠✉t❛♥ts ❝❤❡③ ❧❛ s♦✉r✐s✱
❧❡s ❛♣♣r♦❝❤❡s ❜✐♦❝❤✐♠✐q✉❡s ét❛♥t ❞✐✣❝✐❧❡s à ré❛❧✐s❡r s✉r ❞❡s t❡st✐❝✉❧❡s ❢♦❡t❛✉①✳ ❚♦✉t
❞✬❛❜♦r❞✱ ❧❡s ❊❚ ❞♦tés ❞❡ ♣r♦♠♦t❡✉rs s♦♥t tr❛♥s❝r✐ts ♣❛r ❧❛ ♣♦❧②♠ér❛s❡ ■■✳ ❈❡s tr❛♥✲
s❝r✐ts s♦♥t ❡①♣♦rtés ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡ ❡t ❝♦✉♣és ❡♥ ❢r❛❣♠❡♥ts ♣❛r ❧✬❡♥❞♦r✐❜♦♥✉❝❧é❛s❡
P▲❉✻ ✭❛✉ss✐ ❛♣♣❡❧é❡ ❩❯❈ ❡t ▼■❚❖P▲❉✮ ✭■♣s❛r♦ ❡t ❛❧✳✱ ✷✵✶✷❀ ◆✐s❤✐♠❛s✉ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❈❡s ❢r❛❣♠❡♥ts ✐♥t❡r♠é❞✐❛✐r❡s ❡♥r✐❝❤✐s ❡♥ ✉r❛❝✐❧❡ ✭✶❯✮ ❡♥ ✺✬ s♦♥t ❛❧♦rs ❝❤❛r❣és ♣❛r ▼■▲■
✹✷
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
cellule de 
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A
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❋✐❣✉r❡ ✶✳✶✼✿ ▲❛ ✈♦✐❡ P■❲■✲♣✐❘◆❆ ❞❛♥s ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ♠â❧❡✳ ▲❡s ♣ré✲
♣❛❝❤②tè♥❡s ♣✐❘◆❆ s♦♥t ♣r♦❞✉✐ts ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ♥♦✈♦✱ t♦✉t ❝♦♠♠❡ ❧❡s
♣r♦té✐♥❡s ▼■▲■ ❡t ▼■❲■✷✳ ■❧s s♦♥t ♣r♦❞✉✐ts ♣❛r ❞❡✉① ♠é❝❛♥✐s♠❡s ✿ ✉♥ ♣r♦❝❡ss✉s ♣r✐♠❛✐r❡
❡t ✉♥❡ ❜♦✉❝❧❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥✱ ❛♣♣❡❧é❡ ❝②❝❧❡ ♣✐♥❣✲♣♦♥❣✳ ❋✐❣✉r❡ ❛❞❛♣té❡ ❞❡ ❊r♥st ❡t ❛❧✳
✭✷✵✶✼✮
q✉✐ ❣é♥èr❡ ❞❡s ♣✐❘◆❆ ♣r✐♠❛✐r❡s ♠❛t✉r❡s ❧♦♥❣s ❞❡ ✷✻ ♥✉❝❧é♦t✐❞❡s ❡♥ ❝♦✉♣❛♥t ❧❛ ♣❛rt✐❡
✸✬ ❞❡s ❢r❛❣♠❡♥ts ✐♥t❡r♠é❞✐❛✐r❡s ❛✈❡❝ ❧✬❛✐❞❡ ❞❡ ❧❛ ♣r♦té✐♥❡ ❚❉❘❑❍ ✭❙❛①❡ ❡t ❛❧✳✱ ✷✵✶✸✮✳
▲❡s ♠✉t❛♥ts ❚r❞❦❤ ♦♥t ❛✐♥s✐ ✉♥ ♥✐✈❡❛✉ ❢❛✐❜❧❡ ❞❡ ♣✐❘◆❆ ♠❛t✉r❡s ♠❛✐s ❛❝❝✉♠✉❧❡♥t ✉♥❡
♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❡t✐ts ❆❘◆ ❡♥tr❡ ✸✶ ❡t ✸✼ ♥✉❝❧é♦t✐❞❡s✳ ■❧ ❛ été ❞é♠♦♥tré ré❝❡♠♠❡♥t q✉❡
✹✸
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
❧❛ ♠❛t✉r❛t✐♦♥ ❞❡s ♣✐❘◆❆ ♣ré✲♠❛t✉r❡s ❡t ❧❡✉r ❝♦✉♣✉r❡ ❡♥ ♣❛rt✐❡ ✸✬ ét❛✐❡♥t ✐♥❞✉✐t❡s ♣❛r
❧❛ ♣r♦té✐♥❡ P◆▲❉❈✶ ✭❉✐♥❣ ❡t ❛❧✳✱ ✷✵✶✼❀ ◆✐s❤✐♠✉r❛ ❡t ❛❧✳✱ ✷✵✶✽❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✶✼✮✳
❈♦♠♠❡ ❧❡s ♠✉t❛♥ts ❚r❞❦❤✱ ❧❡s s♦✉r✐s ❛✈❡❝ ✉♥❡ ❞é❧ét✐♦♥ ♣♦✉r ❧❡ ❣è♥❡ P♥❧❞❝✶ ♦♥t ❞❡s
♣✐❘◆❆ ♣❧✉s ❧♦♥❣s ✭❡♥tr❡ ✷✹ ❡t ✺✵ ♥✉❝❧é♦t✐❞❡s✮✳ ▲❛ ♣❛rt✐❡ ✸✬ ❞❡s ♣✐❘◆❆ ♠❛t✉r❡s ❡st
❡♥s✉✐t❡ ♠ét❤②❧é❡ ♣❛r ❧❛ ♠ét❤②❧tr❛♥s❢ér❛s❡ ❍❊◆▼❚✶ ✭❛❥♦✉t ❞✬✉♥ ❣r♦✉♣❡♠❡♥t ♠ét❤②❧
❡♥ ♣♦s✐t✐♦♥ ✷✬❖ ❞✉ r✐❜♦s❡ ❞✉ ❞❡r♥✐❡r ♥✉❝❧é♦t✐❞❡ ❞✉ ♣✐❘◆❆ ♠❛t✉r❡✮✱ ❝❡ q✉✐ ♣❡r♠❡t ❧❡✉r
st❛❜✐❧✐s❛t✐♦♥ ✭▲✐♠ ❡t ❛❧✳✱ ✷✵✶✺✮✳
▲❡ ♣r♦❝❡ss✉s ♣r✐♠❛✐r❡ ♣r♦❞✉✐t ❛✐♥s✐ ✉♥ ♣♦♦❧ ✐♥✐t✐❛❧ ❞❡ ♣✐❘◆❆ ♣r✐♠❛✐r❡s✱ ♣r♦❞✉✐ts
❞❡ ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s tr❛♥s❝r✐ts ❞❡s ❊❚✳ ▲❛ ❜♦✉❝❧❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❛♣♣❡❧é❡ ❝②❝❧❡ ♣✐♥❣✲
♣♦♥❣ ❣é♥èr❡ ❞❡s ♣✐❘◆❆ s❡❝♦♥❞❛✐r❡s ❡t ❛♠♣❧✐✜❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ♣✐❘◆❆✳ ▲❡s ♣✐❘◆❆
♣r✐♠❛✐r❡s ❣✉✐❞❡♥t ❧❛ ♣r♦té✐♥❡ ▼■▲■ s✉r ❞❡s ❆❘◆ ❝♦♠♣❧é♠❡♥t❛✐r❡s✳ ❱✐❛ s♦♥ ❞♦♠❛✐♥❡
P■❲■✱ ▼■▲■ ❝❧✐✈❡ ❧✬❆❘◆ ❛♥t✐s❡♥s❡ ♣♦✉r ❞♦♥♥❡r ✉♥ ♣✐❘◆❆ s❡❝♦♥❞❛✐r❡ q✉✐ ❡st s♦✉✈❡♥t
❝❛r❛❝tér✐sé ♣❛r ✉♥❡ ❛❞é♥✐♥❡ ❡♥ ✶✵è♠❡ ♣♦s✐t✐♦♥✱ ❡♥ ❢❛❝❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ✉r❛❝✐❧❡ ❡♥ ✺✬ ❞✉
♣✐❘◆❆ ♣r✐♠❛✐r❡ ✭❆r❛✈✐♥ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ❡t q✉✐ r❡♣rés❡♥t❡ ✉♥❡ s✐❣♥❛t✉r❡ ❞❡ ❧❛ ❜♦✉❝❧❡ ♣✐♥❣✲
♣♦♥❣✱ ♥♦t❛♠♠❡♥t ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ s♠❛❧❧ ❘◆❆✲s❡q✳ ▲❡ ♣✐❘◆❆ s❡❝♦♥❞❛✐r❡ ❡st ❝❤❛r❣é
♣❛r ▼■▲■ ♣♦✉r à s♦♥ t♦✉r st✐♠✉❧❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣✐❘◆❆ ♣r✐♠❛✐r❡s ❡t ❝♦♠♣❧ét❡r
❧✬❛♠♣❧✐✜❝❛t✐♦♥✳ ▲❡s ♣✐❘◆❆ s❡❝♦♥❞❛✐r❡s ♣❡✉✈❡♥t ❛✉ss✐ êtr❡ ❝❤❛r❣és ♣❛r ▼■❲■✷✳ ▼❛✐s ❧❡
❝②❝❧❡ ♣✐♥❣✲♣♦♥❣ ♥❡ ❞é♣❡♥❞ q✉❡ ❞❡ ❧✬❛❝t✐✈✐té ❞❡ ▼■▲■ ✭❉❡ ❋❛③✐♦ ❡t ❛❧✳✱ ✷✵✶✶✮ ✿ ▼■❲■✷
♥✬❛②❛♥t ♣❛s ❞✬❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡✱ ❡❧❧❡ s❡rt ❥✉st❡ ❞❡ ❝❛r❣♦✳ ❈❡♣❡♥❞❛♥t✱ ❛❧♦rs q✉❡ ❧❛
♣r♦té✐♥❡ ▼■▲■ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧♦❝❛❧✐sé❡ ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡✱ ▼■❲■✷ ❡st r❡tr♦✉✈é❡ à
❧❛ ❢♦✐s ❞❛♥s ❧❡ ❝②t♦♣❧❛s♠❡ ❡t ❞❛♥s ❧❡ ♥♦②❛✉ ✭❆r❛✈✐♥ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ▲❡ tr❛♥s❢❡rt ❞❡ ▼■❲■✷
❞❛♥s ❧❡ ♥♦②❛✉ ❡st ❞é♣❡♥❞❛♥t ❞❡ s♦♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ❧❡s ♣✐❘◆❆ s❡❝♦♥❞❛✐r❡s ❡t ❞♦♥❝
❞❡ ❧✬❛❝t✐✈✐té ❞❡ ▼■▲■ ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❛ ❣é♥ér❛t✐♦♥ ❞❡s ♣✐❘◆❆ ♣r✐♠❛✐r❡s ❡t s❡❝♦♥❞❛✐r❡s
✭❆r❛✈✐♥ ❡t ❛❧✳✱ ✷✵✵✽✮✳
▲❛ ❞é❧ét✐♦♥ ❞❡s ❣è♥❡s ▼✐❧✐ ❡t ▼✐✇✐✷ ✐♥❞✉✐t ✉♥❡ stér✐❧✐té ❛✈❡❝ ✉♥ ❤②♣♦❣♦♥❛❞✐s♠❡
❡t ✉♥ ❛rrêt ❞❡ ❧❛ s♣❡r♠❛t♦❣❡♥ès❡ ❛✉ st❛❞❡ ♣❛❝❤②tè♥❡ ❞❡ ❧❛ ♣r♦♣❤❛s❡ ❞❡ ❧❛ ♠é✐♦s❡ ■✱ ❡♥
❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ✉♥ ❞é❢❛✉t ❞❡ ♠ét❤②❧❛t✐♦♥ ❡t ✉♥❡ ré❛❝t✐✈❛t✐♦♥ ❞❡s é❧é♠❡♥ts ▲■◆❊ ❡t ❊❘❱
✭❈❛r♠❡❧❧ ❡t ❛❧✳✱ ✷✵✵✼❀ ❑✉r❛♠♦❝❤✐✲▼✐②❛❣❛✇❛ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❛ s✐♠✐❧❛r✐té ❞❡ ♣❤é♥♦t②♣❡
à ❝❡❧✉✐ ♦❜s❡r✈é ❝❤❡③ ❧❡s ♠✉t❛♥ts ❉♥♠t✸❧ ✭✈♦✐r P❛rt✐❡ ✶✳✷✳✷✮ ❛✐♥s✐ q✉❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡
▼■❲■✷ ❞❛♥s ❧❡ ♥♦②❛✉ ♦♥t ♣❡r♠✐s ❞❡ ❞r❡ss❡r ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡ ❝♦♠♣❧❡①❡ ♣✐❘◆❆✲▼■❲■✷
❣✉✐❞❡r❛✐t ❧❛ ♠❛❝❤✐♥❡r✐❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♣✐❡s ❣é♥♦♠✐q✉❡s ❞❡s
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ♣❤②s✐q✉❡ ❡♥tr❡ ❧❡ ❝♦♠♣❧❡①❡ ♣✐❘◆❆✲
P■❲■ ❡t ❧❛ ♠❛❝❤✐♥❡r✐❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ♥✬❛ ♣✉ êtr❡ ♣r♦✉✈é❡ ♣♦✉r ❧❡ ♠♦♠❡♥t✳
✹✹
✶✳✷✳ ▼é❝❛♥✐s♠❡s ❞❡ ré♣r❡ss✐♦♥ ❞❡s rétr♦tr❛♥s♣♦s♦♥s
P♦✉r ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ s✉r ❧❡ ❝♦♠♣❧❡①❡ P■❲■✲♣✐❘◆❆✱ s❡ ré❢ér❡r à ❊r♥st ❡t ❛❧✳
✭✷✵✶✼✮❀ ❋✉ ❛♥❞ ❲❛♥❣ ✭✷✵✶✹✮✳
✹✺
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
✶✳✸ ❆♥❛❧②s❡ ❞❡s rétr♦tr❛♥s♣♦s♦♥s ❡t ❞❡ ❧❡✉r ré❣✉❧❛t✐♦♥ à
❧✬❛✐❞❡ ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t
❆♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡
❉❛♥s ❧❡s ❛♥♥é❡s ✷✵✵✵✱ ❧✬❛❝❝ès ❛✉① séq✉❡♥❝❡s ❣é♥♦♠✐q✉❡s ✈✐❛ ❧❡s ♠ét❤♦❞❡s ❞❡ séq✉❡♥ç❛❣❡
à ❤❛✉t ❞é❜✐t ❛ ♦✉✈❡rt ❞❡ ♥♦✉✈❡❧❧❡s ✈♦✐❡s ❞❡ r❡❝❤❡r❝❤❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s✳ ❉❛♥s ❧❡ ♣r✐♥❝✐♣❡✱ ❧❡ séq✉❡♥ç❛❣❡ ❞❡ ♥♦✈♦ ❞✬✉♥ ❣é♥♦♠❡ ❡st s✉✐✈✐ ❞✬✉♥❡
ét❛♣❡ ❞✬❛ss❡♠❜❧❛❣❡ q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❛ séq✉❡♥❝❡ ❝♦♠♣❧èt❡ ❞❡ ❧✬❡s♣è❝❡ séq✉❡♥❝é❡✳
❆ ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ séq✉❡♥❝❡ ❛ss❡♠❜❧é❡✱ ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t êtr❡ ❛♥♥♦tés✳
▲✬é✈♦❧✉t✐♦♥ ❡t ❧✬❛❝t✐✈✐té ❞❡s ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t êtr❡
❛♣♣ré❤❡♥❞é❡s ❡♥ ét✉❞✐❛♥t ❧❡✉r ❞✐✈❡rs✐té✳ ▲✬❛❝❝ès ❛✉① séq✉❡♥❝❡s ❣é♥♦♠✐q✉❡s ❞❡ ❞✐❢✲
❢ér❡♥t❡s ❡s♣è❝❡s ♣❡r♠❡t ❛✉ss✐ ❞✬ét✉❞✐❡r ❧❡s tr❛♥s❢❡rts ❤♦r✐③♦♥t❛✉① ❞✬é❧é♠❡♥ts tr❛♥s♣♦s✲
❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❞❡ ♣❛r ❧✬❛❜♦♥❞❛♥❝❡ ❡t ❧❛ ❞✐✈❡rs✐té ❞❡s ❊❚ ❞❛♥s ❝❡rt❛✐♥s ❣é♥♦♠❡s✱
❧❡✉r ✐❞❡♥t✐✜❝❛t✐♦♥ ❡t ❧❡✉r ❝❛r❛❝tér✐s❛t✐♦♥ à ♣❛rt✐r ❞✬✉♥ ❣é♥♦♠❡ séq✉❡♥❝é r❡st❡♥t ✉♥ ❞é✜
♣♦✉r ❧❛ ❝♦♠♠✉♥❛✉té ❜✐♦✐♥❢♦r♠❛t✐q✉❡✳ P♦✉r ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ s✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡t ❧❡s ♣r♦❜❧é♠❛t✐q✉❡s r❡♥❝♦♥tré❡s✱ s❡ ré❢ér❡r à ❆r❦❤✐♣♦✈❛
✭✷✵✶✼✮✱ ❏❛♥✐❝❦✐ ❡t ❛❧✳ ✭✷✵✶✶✮✳
▲❡ r❡séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❝♦♠♣❧❡t ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞✬✐♥❞✐✈✐❞✉s ♣❡✉t ♣❡r♠❡ttr❡
❞✬✐❞❡♥t✐✜❡r ❧✬✐♥s❡rt✐♦♥ ❞❡ ♥♦✉✈❡❛✉① é❧é♠❡♥ts ♥♦♥✲✜①és ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❡t ❞♦♥❝ ❞✬ét✉❞✐❡r
❧✬❛❝t✐✈✐té ❞❡ ❝❡rt❛✐♥❡s ❢❛♠✐❧❧❡s✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❞❡ ✷✺✵✵ ✐♥❞✐✈✐❞✉s
❛ ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❡t ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ✸✻ ✐♥s❡rt✐♦♥s ❞✬é❧é♠❡♥ts ❊❘❱✱ ❛❜s❡♥t❡s
❞✉ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❞❡ ❧✬❤♦♠♠❡ ✭❲✐❧❞s❝❤✉tt❡ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❈♦♠♠❡ ♠❡♥t✐♦♥♥é
♣ré❝é❞❡♠♠❡♥t ✭✈♦✐r P❛rt✐❡ ✶✳✶✳✸✮✱ ❧❡s é✈è♥❡♠❡♥ts ❞❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ❞❛♥s ❧❡ ❣é♥♦♠❡
❤✉♠❛✐♥ s♦♥t ❛ss♦❝✐és à ❞❡s ♠❛❧❛❞✐❡s ❝♦♠♠❡ ❧❡ ❝❛♥❝❡r✳ ▲❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ séq✉❡♥ç❛❣❡
❞✉ ❣é♥♦♠❡ ❝♦♠♣❧❡t ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❞❡ ❝❛r❛❝tér✐s❡r ❧✬✐♥s❡rt✐♦♥ s♣é❝✐✜q✉❡ ❞✬✉♥ é❧é♠❡♥t
tr❛♥s♣♦s❛❜❧❡ ❞❛♥s ❧✬❆❉◆ t✉♠♦r❛❧ ❡♥ ❧❡ ❝♦♠♣❛r❛♥t à ❧✬❆❉◆ ♥♦♥ t✉♠♦r❛❧ ❞✉ ♠ê♠❡
♣❛t✐❡♥t ✭❇✉r♥s✱ ✷✵✶✼✮✳ P❧✉s✐❡✉rs ♠ét❤♦❞❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ♥♦✉✲
✈❡❧❧❡s ✐♥s❡rt✐♦♥s ❞✬é❧é♠❡♥ts tr❛♥♣♦s❛❜❧❡s ❞❛♥s ✉♥ ❣é♥♦♠❡ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s à ❤❛✉t
❞é❜✐t✳ P♦✉r ✉♥❡ r❡✈✉❡ ❞ét❛✐❧❧é❡ ❞❡ ❝❡s ♠ét❤♦❞❡s✱ s❡ ré❢ér❡r à ❊✇✐♥❣ ✭✷✵✶✺✮✳
▲✬❛♥♥♦t❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ✐♥s❡rt✐♦♥s
❞❛♥s ✉♥ ❣é♥♦♠❡ ❞♦♥♥é ✈✐❛ ❧❡s t❡❝❤♥♦❧♦❣✐❡s à ❤❛✉t ❞é❜✐t s♦♥t ♦❜t❡♥✉❡s ❡♥ séq✉❡♥ç❛♥t
❧✬❆❉◆ ❞❡s ❝❡❧❧✉❧❡s ✭❛♣♣❧✐❝❛t✐♦♥ ❛♣♣❡❧é❡ ❲❤♦❧❡ ●❡♥♦♠❡ ❙❡q✉❡♥❝✐♥❣✮✳ ❉❡♣✉✐s ❧✬❛✈è♥❡♠❡♥t
❞❡ ❝❡s t❡❝❤♥♦❧♦❣✐❡s✱ ❞✬❛✉tr❡s ❛♣♣❧✐❝❛t✐♦♥s ♦♥t été ❞é✈❡❧♦♣♣é❡s ❛✜♥ ❞❡ séq✉❡♥❝❡r ❧❡
✹✻
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
tr❛♥s❝r✐♣t♦♠❡ ✭❡♥s❡♠❜❧❡ ❞❡s ♠♦❧é❝✉❧❡s ❞✬❆❘◆✮ ♠❛✐s ❛✉ss✐ ❧✬é♣✐❣é♥♦♠❡ ✭♠♦❞✐✜❝❛t✐♦♥
❞✬❤✐st♦♥❡✱ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ét❛t ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡✱ ❝♦♥❢♦r♠❛t✐♦♥ ❞❡ ❧✬❆❉◆✮✳ P❛r
❡①❡♠♣❧❡✱ ❧✬✐♠♠✉♥♦♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ❛✈❡❝ ✉♥ ❛♥t✐❝♦r♣s ❝✐❜❧❛♥t ✉♥❡ ♣r♦té✐♥❡
❞✬✐♥térêt s✉✐✈✐❡ ❞✉ séq✉❡♥ç❛❣❡ ✭❈❤■P✲s❡q ♣♦✉r ❝❤r♦♠❛t✐♥ ✐♠♠✉♥♦♣r❡❝✐♣✐t❛t✐♦♥ ❢♦❧❧♦✇❡❞
❜② s❡q✉❡♥❝✐♥❣✮ ♣❡r♠❡t ❞✬✐❞❡♥t✐✜❡r ❧❡s s✐t❡s ♦ù ❧❡s ❤✐st♦♥❡s s♦♥t ♠♦❞✐✜é❡s ✭♠ét❤②❧❛✲
t✐♦♥✱ ❛❝ét②❧❛t✐♦♥✱ ✉❜✐q✉✐t✐♥❛t✐♦♥✮✳ ❈❡s ❛♣♣❧✐❝❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞✬❛♣♣ré❤❡♥❞❡r ❧❡s ♠é✲
❝❛♥✐s♠❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♠❛✐s ❛✉ss✐ ❞✬ét✉❞✐❡r
❧✬❡①♣r❡ss✐♦♥ ❞❡s ❊❚ ❞❛♥s ❞✐✛ér❡♥ts ❝♦♥t❡①t❡s ❜✐♦❧♦❣✐q✉❡s✳ ▼♦♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ s❡ ♣❧❛❝❡
❞❛♥s ❝❡ ❝❛❞r❡ ❞✬❛♥❛❧②s❡s ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❊❚✳
❙❡ ré❢ér❡r à ❘❡✉t❡r ❡t ❛❧✳ ✭✷✵✶✺✮ ♣♦✉r ✉♥❡ r❡✈✉❡ s✉r ❧❡s ❞✐✛ér❡♥t❡s ❛♣♣❧✐❝❛t✐♦♥s
❜✐♦❧♦❣✐q✉❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t✳
❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡
séq✉❡♥ç❛❣❡
▲✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ s❡ ❢❛✐t à ♣❛rt✐r ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✱
❛♣♣❡❧é❡s r❡❛❞ ❡♥ ❛♥❣❧❛✐s✳ ❈❤❛q✉❡ ❢r❛❣♠❡♥t ❞✬❆❉◆ s✐♠♣❧❡ ❜r✐♥ à séq✉❡♥❝❡r ♣❡✉t êtr❡
❧✉ à ♣❛rt✐r ❞✬✉♥❡ s❡✉❧❡ ❡①tré♠✐té✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ séq✉❡♥ç❛❣❡ ❡st ❛♣♣❡❧é ❡♥ s✐♥❣❧❡✲❡♥❞
✭❙❊✮ ❡t ✉♥❡ s❡✉❧❡ ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡ ❡st ♣r♦❞✉✐t❡ ♣♦✉r ✉♥ ❢r❛❣♠❡♥t ❞✬❆❉◆ ❞♦♥♥é✳
▲❡ ❢r❛❣♠❡♥t ♣❡✉t ❛✉ss✐ êtr❡ r❡t♦✉r♥é ❛✜♥ ❞❡ ❧✐r❡ ❧❛ ❞❡✉①✐è♠❡ ❡①tré♠✐té✳ ▲❡ séq✉❡♥ç❛❣❡
❡st ❛❧♦rs ❞✐t ❡♥ ♣❛✐r❡❞✲❡♥❞ ✭P❊✮✳ ❉❡✉① ❧❡❝t✉r❡s s♦♥t ✐ss✉❡s ❞✉ séq✉❡♥ç❛❣❡✱ ✉♥❡ ❛♣♣❡❧é❡
❘✶ ❡t ❧✬❛✉tr❡ ❘✷✳
▲♦rs ❞❡ ❧✬ét❛♣❡ ❞✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s s✉r ✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✱ ❧❛ ❜❛s❡ ❞❡
❞♦♥♥é❡s ❘❡♣❡❛t▼❛s❦❡r ✭❙♠✐t ❡t ❛❧✳✱ ✷✵✶✺✮ ♣❡✉t êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❡①tr❛✐r❡ ❧❡s ❧❡❝t✉r❡s
❝♦rr❡s♣♦♥❞❛♥t ❛✉① é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❘❡♣❡❛t▼❛s❦❡r ✉t✐❧✐s❡ ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥✲
s✉s ❢♦✉r♥✐❡s ♣❛r ❘❡♣❇❛s❡ ✭❇❛♦ ❡t ❛❧✳✱ ✷✵✶✺✮ q✉✐ ❝♦♠♣r❡♥❞ ❧✬❛♥♥♦t❛t✐♦♥ ❞❡ t♦✉t❡s ❧❡s
séq✉❡♥❝❡s ré♣été❡s ❞❡s ❣é♥♦♠❡s ❡✉❝❛r②♦t❡s ✭❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♠❛✐s ❛✉ss✐ ❞❡
ré♣ét✐t✐♦♥s ❡♥ t❛♥❞❡♠ ❞❡ t②♣❡ ❆❉◆ s❛t❡❧❧✐t❡✮✳ ❈❤❛q✉❡ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡ ✐♥séré
❞❛♥s ✉♥ ❣é♥♦♠❡ ❡st ✉♥❡ ♣❛rt✐❡ ❝♦♠♣❧èt❡ ♦✉ tr♦♥q✉é❡ ❞✬✉♥ é❧é♠❡♥t q✉✐ ét❛✐t ❛❝t✐❢ ❧♦rs
❞❡ ❧✬✐♥s❡rt✐♦♥✳ P♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ♦✉ s♦✉s✲❢❛♠✐❧❧❡✱ ✉♥❡ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s ♣❡✉t êtr❡
r❡❝♦♥str✉✐t❡ ❡♥ ❛♣♣r♦①✐♠❛♥t ❧❛ séq✉❡♥❝❡ ❞❡ ❧✬é❧é♠❡♥t ❛♥❝❡str❛❧ ❛❝t✐❢✳ ❘❡♣❡❛t▼❛s❦❡r ❡st
à ❧❛ ❜❛s❡ ✉♥ ♦✉t✐❧ ♣♦✉r ♠❛sq✉❡r ❧❡s ❊❚ ✿ ❡♥ ♣r❛t✐q✉❡ ❧❡s séq✉❡♥❝❡s ❞❡s ❊❚ ❞ét❡❝tés s♦♥t
r❡♠♣❧❛❝é❡s ♣❛r ❞❡s ♥✉❝❧é♦t✐❞❡s ◆✳ ❈❡♣❡♥❞❛♥t✱ ♦♥ ♣❡✉t ✉t✐❧✐s❡r ❘❡♣❡❛t▼❛s❦❡r ♣♦✉r ❛✉
❝♦♥tr❛✐r❡ r❡♣♦rt❡r ❧❡s ♣♦s✐t✐♦♥s ❞❡s é❧é♠❡♥ts ❞ét❡❝tés ❞❛♥s ❧❡ ❣é♥♦♠❡ ❡t ❛✐♥s✐ ét✉❞✐❡r
✹✼
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
A B
Alignement
Quantication
chr1
chr2
chr3
chrN
. .
 . 
. .
Génome de référence
chr1
Famille    Comptage
L1     3
SINEA     2
. .
 . 
. .
L1 SINEA
chr1
Annotation 
RepeatMasker
L1
LTR1
SINEA
TE_N
. .
 . 
. .
Séquence consensus
Alignement
L1 SINEA
Famille    Comptage
L1     3
SINEA     2
. .
 . 
. .
Quantication
Lectures de 
séquençage 
Fastq
Lectures de 
séquençage 
Fastq
❋✐❣✉r❡ ✶✳✶✽✿ P✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❆✳ ❆ ♣❛rt✐r ❞❡
❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✭❢♦r♠❛t ❋❛stq✮✱ ❧❡s ❞♦♥♥é❡s s♦♥t ❛❧✐❣♥é❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✳
❆ ❧✬❛✐❞❡ ❞❡ ❧✬❛♥♥♦t❛t✐♦♥ ❘❡♣❡❛t▼❛s❦❡r✱ ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ q✉✐ ❝❤❡✈❛✉❝❤❡♥t ❧❡s
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s♦♥t q✉❛♥t✐✜é❡s ❛✜♥ ❞✬❛✈♦✐r ✉♥❡ ✈❛❧❡✉r ❞✬❡①♣r❡ss✐♦♥ ♣❛r ❢❛♠✐❧❧❡ ❞❡
❊❚✳ ❇ ▲❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s♦♥t ❛❧✐❣♥é❡s s✉r ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s✳ ▲❛ ✈❛❧❡✉r
❞✬❡①♣r❡ss✐♦♥ ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❛❧✐❣♥é❡s ♣♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡✳
❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ✭❋✐❣✉r❡ ✶✳✶✽❆✮✳
❯♥❡ ❛✉tr❡ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❡①✐st❡ ❡t ❝♦♥s✐st❡ à ❛❧✐❣♥❡r ❡t q✉❛♥t✐✜❡r ❧❡s ❧❡❝t✉r❡s ❞✐✲
r❡❝t❡♠❡♥t s✉r ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ✐ss✉❡s ❞❡ ❘❡♣❇❛s❡ ✭❋✐❣✉r❡ ✶✳✶✽❇✮✳ ❈❡tt❡ str❛té❣✐❡
❛ ❞❡s ❛✈❛♥t❛❣❡s ♠❛✐s ❛✉ss✐ ❞❡s ❧✐♠✐t❡s✱ ♣rés❡♥tés ♣❛r ❧❛ s✉✐t❡✳
❉❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✱ ❧❡s ❞✐✛ér❡♥ts ❝❤❛❧❧❡♥❣❡s ❡t ♣r♦❜❧é♠❛t✐q✉❡s ❧✐és à ❧✬❛❧✐❣♥❡♠❡♥t
❞❡ ♠✐❧❧✐♦♥s ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s❡r♦♥t ❛❜♦r❞és✱ ❛✈❡❝ ❡♥ ♣♦✐♥t ❞❡ ♠✐r❡ ❧❡s ❞✐✣✲
❝✉❧tés ✐♥❤ér❡♥t❡s ❛✉① é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❙❡❧♦♥ ❧❡s ♣❛r❛♠ètr❡s ❛♣♣❧✐q✉és ♣❡♥❞❛♥t
❧✬❛❧✐❣♥❡♠❡♥t✱ ❞❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❛❞❛♣té❡s ❞♦✐✈❡♥t êtr❡ ✉t✐❧✐sé❡s✱ ❛✉ r✐sq✉❡
✹✽
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❞✬✐♥tr♦❞✉✐r❡ ❞❡s ❜✐❛✐s ❞✬❛♥❛❧②s❡ ❡t ❛✐♥s✐ ❞❡s ✐♥t❡r♣rét❛t✐♦♥s ❢❛✉ss❡s✳
✶✳✸✳✶ ❊♥❥❡✉① ❡t ❞✐✣❝✉❧tés ❧✐és ❛✉① é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❆❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
▲✬❛❧✐❣♥❡♠❡♥t ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❡st ✉♥ ♣r♦❜❧è♠❡ ❛❧❣♦r✐t❤♠✐q✉❡ ❝♦♠♣❧❡①❡
à rés♦✉❞r❡✳ ▲❡ ❝❤❛❧❧❡♥❣❡ ❝♦♥s✐st❡ à ❞ét❡r♠✐♥❡r ❧❛ ♣♦s✐t✐♦♥ ❞✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❧❡❝t✉r❡ ❞❡
séq✉❡♥ç❛❣❡ ❞❛♥s ✉♥❡ séq✉❡♥❝❡ ❣é♥♦♠✐q✉❡ ✭❡♥ ❣é♥ér❛❧ ✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✮✳ ▲❡
♣r♦❜❧è♠❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❞✐✣❝✐❧❡ q✉❡ ❧❡ ❣é♥♦♠❡ ❡st ✈♦❧✉♠✐♥❡✉① ✭❡♥✈✐r♦♥ ✸✱✷ ♠✐❧✲
❧✐❛r❞s ❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ♣♦✉r ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✮✳ ❉❡ ♣❧✉s✱ ❧❡ ✈♦❧✉♠❡ ❞❡ ❞♦♥♥é❡s
séq✉❡♥❝é❡s ♥❡ ❢❛✐t q✉✬❛✉❣♠❡♥t❡r✱ ❡♥ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ ❜❛✐ss❡ ❞❡s ❝♦ûts ❞❡ séq✉❡♥ç❛❣❡
❡t ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❢♦✉r♥✐❡s ♣❛r t♦✉r ❞❡ séq✉❡♥ç❛❣❡ ✭r✉♥ ❡♥
❛♥❣❧❛✐s✮ ❣râ❝❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠❛❝❤✐♥❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣✉✐ss❛♥t❡s ✭❘❡✉t❡r ❡t ❛❧✳✱
✷✵✶✺✮✳ ■❧ ❡st ❞♦♥❝ q✉❡st✐♦♥ ❞✬❛❧✐❣♥❡r ❞❡s ♠✐❧❧✐♦♥s ❞❡ ❧❡❝t✉r❡s s✉r ✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡
q✉✐ ❝♦♥t✐❡♥t ♣❧✉s✐❡✉rs ♠✐❧❧✐❛r❞s ❞❡ ♣❛✐r❡s ❞❡ ❜❛s❡s ❡♥ ✉♥ t❡♠♣s r❛✐s♦♥♥❛❜❧❡✳
❯♥ ❞❡s ❝r✐tèr❡s ♣♦✉r q✉✬✉♥❡ ❧❡❝t✉r❡ s✬❛❧✐❣♥❡ à ✉♥❡ ♣♦s✐t✐♦♥ ❣é♥♦♠✐q✉❡ ❡st ❧❛ s✐♠✐❧❛r✐té
❞❡ séq✉❡♥❝❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ✉t✐❧✐sé ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t ♥✬❡st ♣❛s
t♦✉❥♦✉rs ✐❞❡♥t✐q✉❡ à ❝❡❧✉✐ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ét✉❞✐é✳ ■❧ ❢❛✉t ❛✉ss✐ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ t❛✉①
❞✬❡rr❡✉rs ❞❡s ♠❛❝❤✐♥❡s ❞❡ séq✉❡♥ç❛❣❡✳ ■❧ ❡st ❡st✐♠é à ♠♦✐♥s ❞❡ ✶✪ ♣♦✉r ❧❡s séq✉❡♥❝❡✉rs
■❧❧✉♠✐♥❛✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s s✉❜st✐t✉t✐♦♥s ✭●♦♦❞✇✐♥ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ▲❡ ♣♦❧②♠♦r♣❤✐s♠❡
❣é♥ét✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥ ♥✉❝❧é♦t✐❞❡ ✭❙◆P ♣♦✉r s✐♥❣❧❡ ♥✉❝❧❡♦t✐❞❡ ♣♦❧②♠♦r♣❤✐s♠✮ ♦✉
s♦✉s ❢♦r♠❡ ❞❡ ♣❡t✐t❡s ✐♥s❡rt✐♦♥s✱ ❞é❧ét✐♦♥s ❛♣♣❡❧é❡s ✐♥❞❡❧ ❡st ❛✉ss✐ à ❝♦♥s✐❞ér❡r✳ ❊♥
❞é✜♥✐t✐✈❡✱ ❧❡s ❛❧❣♦r✐t❤♠❡s ♥❡ ❝❤❡r❝❤❡♥t ♣❛s ✉♥ ❛❧✐❣♥❡♠❡♥t ❡①❛❝t ♠❛✐s ❛✉t♦r✐s❡♥t ❞❡s
❡rr❡✉rs✱ ❛♣♣❡❧é❡s♠✐s♠❛t❝❤✱ ❡♥tr❡ ❧❛ ❧❡❝t✉r❡ ❡t ❧❛ séq✉❡♥❝❡ ❣é♥♦♠✐q✉❡✳ ❯♥ ❛❧✐❣♥❡♠❡♥t ❡st
❛♣♣❡❧é ✈❛❧✐❞❡ s✬✐❧ ❝♦♥t✐❡♥t ♠♦✐♥s ❞✬❡rr❡✉rs q✉❡ ❧❡ s❡✉✐❧ ❛✉t♦r✐sé✳ ▲❡ ♣r♦❜❧è♠❡ r❡✈✐❡♥t ❞♦♥❝
à tr♦✉✈❡r ❧❛ ♠❡✐❧❧❡✉r❡ ♣♦s✐t✐♦♥ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❝✬❡st✲à✲❞✐r❡ ❡♥ ♠✐♥✐♠✐s❛♥t
❧❡ ♥♦♠❜r❡ ❞❡ ♠✐s♠❛t❝❤✳
▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❊❚ ✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❧❡✉r séq✉❡♥❝❡ ❡st
ré♣été❡✳ ❉❛♥s ❧❡ ❝❛s ♣rés❡♥té ❡♥ ❋✐❣✉r❡ ✶✳✶✾❆✱ ❞❡✉① séq✉❡♥❝❡s ❊❧é♠❡♥t ✶ ❡t ❊❧é♠❡♥t ✷
❞❛♥s ✉♥ ♠ê♠❡ ❣é♥♦♠❡ s♦♥t ❤♦♠♦❧♦❣✉❡s ♠❛✐s ❞✐✛èr❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❞❡✉① ♥✉❝❧é♦t✐❞❡s✳
▲❛ ❧❡❝t✉r❡ ♣❡✉t ❞♦♥❝ êtr❡ ❛❧✐❣♥é❡ ❞❡ ❢❛ç♦♥ ✉♥✐q✉❡ s✉r ❧✬❊❧é♠❡♥t ✶✳ ❉❛♥s ❧❡ ❞❡✉①✐è♠❡ ❝❛s
✭❋✐❣✉r❡ ✶✳✶✾❇✮✱ ❧❡s ❞❡✉① séq✉❡♥❝❡s ♥✬♦♥t ♣❧✉s q✉✬✉♥ s❡✉❧ ♣♦❧②♠♦r♣❤✐s♠❡✳ ▲❛ ❧❡❝t✉r❡ ♣❡✉t
♥é❛♥♠♦✐♥s êtr❡ ❛❧✐❣♥é❡ s❛♥s ❡rr❡✉r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❊❧é♠❡♥t ✶✳ ❈❡♣❡♥❞❛♥t✱ s✐ ❧❛ ❧❡❝t✉r❡
♣r♦✈❡♥❛✐t ❞❡ ❧✬❊❧é♠❡♥t ✷ ❡t q✉✬✉♥❡ ❡rr❡✉r ❞❡ séq✉❡♥ç❛❣❡ s✬ét❛✐t ✐♥séré❡ ❛✉ ♥✐✈❡❛✉ ❞❡
✹✾
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
A
ATCGATGCTACGTGCAGTCG................ATCGATTCTACGAGCAGTCG
TGCTACGTG TGCTACGTG
B
ATCGATGCTACGTGCAGTCG................ATCGATTCTACGTGCAGTCG
TGCTACGTG TGCTACGTG
lecture
génome
C
ATCGATTCTACGTGCAGTCG................ ATCGATTCTACGTGCAGTCG
TTCTACGTG TTCTACGTG
X
X
V
V
? ?
Elément 1 Elément 2
❋✐❣✉r❡ ✶✳✶✾✿ ❆♠❜✐❣✉ïtés ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✳ ❆
❉❛♥s ❧❡ ❣é♥♦♠❡✱ ❞❡✉① séq✉❡♥❝❡s ❊❧é♠❡♥t ✶ ❡t ❊❧é♠❡♥t ✷ s♦♥t ❤♦♠♦❧♦❣✉❡s✳ ▲❛ ❧❡❝t✉r❡
❞❡ séq✉❡♥ç❛❣❡ s✬❛❧✐❣♥❡ s❛♥s ❡rr❡✉r s✉r ❧✬❊❧é♠❡♥t ✶✳ ❇ ❆✈❡❝ ✉♥ s❡✉❧ ♣♦❧②♠♦r♣❤✐s♠❡ ❡♥tr❡
❧❡s ❞❡✉① é❧é♠❡♥ts✱ ❧❛ ❧❡❝t✉r❡ ♣❡✉t s✬❛❧✐❣♥❡r ❞❡ ❢❛ç♦♥ ✉♥✐q✉❡ s✉r ❧✬❊❧é♠❡♥t ✶✳ ❈ ▲❡s ❞❡✉①
é❧é♠❡♥ts s♦♥t ❡♥t✐èr❡♠❡♥t ✐❞❡♥t✐q✉❡s✳ ▲❛ ❧❡❝t✉r❡ ♣❡✉t s✬❛❧✐❣♥❡r ❛✈❡❝ ❧❛ ♠ê♠❡ q✉❛❧✐té s✉r
❧❡s ❞❡✉① é❧é♠❡♥ts✳ ❊❧❧❡ s✬❛❧✐❣♥❡ ❛❧♦rs ❞❡ ❢❛ç♦♥ ♠✉❧t✐♣❧❡✳
❧❛ ❞❡✉①✐è♠❡ ❜❛s❡ séq✉❡♥❝é❡✱ ❧✬❛❧✐❣♥❡♠❡♥t s❡r❛✐t ✉♥ ♠❛✉✈❛✐s ❛❧✐❣♥❡♠❡♥t ❛✉ss✐ ❛♣♣❡❧é ✉♥
❢❛✉① ♣♦s✐t✐❢✳ ❆ss✐❣♥❡r ❞❡s ❧❡❝t✉r❡s à ✉♥❡ ♣♦s✐t✐♦♥ q✉✐ ❡st ❧❛ ♠❡✐❧❧❡✉r❡ ❡st ❧❡ ❝❤♦✐① ❧❡ ♣❧✉s
s✐♠♣❧❡ ♣♦✉r ❛❧✐❣♥❡r ❞❡s séq✉❡♥❝❡s ❞ér✐✈é❡s ❞✬é❧é♠❡♥ts ré♣étés✳ ■❧ ❢❛✉t ♥♦t❡r ❝❡♣❡♥❞❛♥t
q✉❡ ❝❡tt❡ s♦❧✉t✐♦♥ ♣❡✉t ♣r♦❞✉✐r❡ ❞❡s ❡rr❡✉rs✳ ❊♥✜♥✱ ❞❛♥s ❧❡ ❞❡r♥✐❡r ❝❛s ✭❋✐❣✉r❡ ✶✳✶✾❈✮✱
❧❡s ❞❡✉① é❧é♠❡♥ts ♦♥t ❞❡s séq✉❡♥❝❡s ❡♥t✐èr❡♠❡♥t ✐❞❡♥t✐q✉❡s✳ ▲❛ ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡
♥✬❛ ♣❛s ✉♥ s❡✉❧ ♠❡✐❧❧❡✉r ❛❧✐❣♥❡♠❡♥t ♠❛✐s ♣❧✉s✐❡✉rs ♠❡✐❧❧❡✉rs✳ ❈❡tt❡ ❧❡❝t✉r❡ ❡st ❛❧♦rs
❛♣♣❡❧é❡ ❧❡❝t✉r❡ ♠✉❧t✐♣❧❡ ♦✉ ♠✉❧t✐✲♠❛♣♣❡❞ r❡❛❞s ❡♥ ❛♥❣❧❛✐s✳
❆✜♥ ❞❡ ❣ér❡r ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s✱ ❞✐✛ér❡♥t❡s str❛té❣✐❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s ✭❋✐❣✲
✉r❡ ✶✳✷✵✮✳ ■❧ ❡①✐st❡ tr♦✐s s♦❧✉t✐♦♥s ✿ ✶✮ ♥❡ ♣❛s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s
❡t ❧❡s é❝❛rt❡r ❞❡s ❛♥❛❧②s❡s s❡❝♦♥❞❛✐r❡s✳ ❉❛♥s ❝❡ ❝❛s✱ s❡✉❧❡s ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s s♦♥t
r❡♣♦rté❡s✳ ❆✈❡❝ ❞❡s ❧❡❝t✉r❡s ❞❡ ✺✵ ♣❜✱ ✐❧ ❛ été ❡st✐♠é q✉❡ ✽✹✳✺✻✪ ❡t ✽✸✳✶✽✪ ❞✉ ❣é♥♦♠❡
❤✉♠❛✐♥ ✭✈❡rs✐♦♥ ❤❣✶✾✮ ❡t ♠✉r✐♥ ✭✈❡rs✐♦♥ ♠♠✾✮ ♣♦✉✈❛✐❡♥t êtr❡ ❛❧✐❣♥és ❞❡ ❢❛ç♦♥ ✉♥✐q✉❡
✭❉❡rr✐❡♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ✷✮ ❝❤♦✐s✐r ✉♥❡ ♣♦s✐t✐♦♥ ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ♣❛r♠✐ ❧❡s ♠❡✐❧❧❡✉rs
❛❧✐❣♥❡♠❡♥ts ❞ét❡❝tés✱ ❡t ✸✮ r❡♣♦rt❡r ♣❧✉s✐❡✉rs ❛❧✐❣♥❡♠❡♥ts ♣❛r ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✳
❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ✐❧ ② ❛ ❞✐✛ér❡♥t❡s ♣♦ss✐❜✐❧✐tés s❡❧♦♥ ❧❡s ❛❧❣♦r✐t❤♠❡s ❡t ❧❡s ♣❛r❛♠ètr❡s✳
✺✵
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
Alignement unique
Alignement multiple
Alignement aléatoire
❋✐❣✉r❡ ✶✳✷✵✿ ❙tr❛té❣✐❡s ❞✬❛❧✐❣♥❡♠❡♥t ♣♦✉r ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s✳ ❊♥ ♦r❛♥❣❡✱
s♦♥t r❡♣rés❡♥té❡s ❞❡✉① séq✉❡♥❝❡s ré♣été❡s ✐❞❡♥t✐q✉❡s✳ ▲❡s ❧❡❝t✉r❡s ✭❧❡❝t✉r❡ r❡♣rés❡♥té❡
❡♥ ♥♦✐r✮ s❡ tr♦✉✈❛♥t ❛✉① ❜♦r❞✉r❡s ❞❡s séq✉❡♥❝❡s ré♣été❡s ♣❡✉✈❡♥t êtr❡ ❛❧✐❣♥é❡s ❞❡ ❢❛ç♦♥
✉♥✐q✉❡✳ ❈♦♥❝❡r♥❛♥t ❞❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ✭❧❡❝t✉r❡s r❡♣rés❡♥té❡s ❡♥ r♦✉❣❡ ❡t ✈❡rt✮✱ ✉♥❡
s❡✉❧❡ ♣♦s✐t✐♦♥ s❡r❛ r❡t♦✉r♥é❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❧✐❣♥❡♠❡♥t ❛❧é❛t♦✐r❡✳ ❚♦✉s ❧❡s ❛❧✐❣♥❡♠❡♥ts
✈❛❧✐❞❡s s❡r♦♥t r❡♣♦rtés ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❧✐❣♥❡♠❡♥t ♠✉❧t✐♣❧❡✳
▲❡ ♣r❡♠✐❡r ❝❤♦✐① ❡st ❞❡ r❡♣♦rt❡r t♦✉s ❧❡s ♠❡✐❧❧❡✉rs ❛❧✐❣♥❡♠❡♥ts✳ ▲❛ ❞❡✉①✐è♠❡ ♣♦ss✐❜✐❧✲
✐té ❡st ❞❡ r❡♣♦rt❡r t♦✉s ❧❡s ♠❡✐❧❧❡✉rs ❛❧✐❣♥❡♠❡♥ts s✬✐❧ ♥✬❡①✐st❡ ♣❛s ♣❧✉s ❞❡ ◆ ♠❡✐❧❧❡✉rs
❛❧✐❣♥❡♠❡♥ts✱ ◆ ét❛♥t à ❞é✜♥✐r ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳ P❛r ❡①❡♠♣❧❡✱ P❡③✐❝ ❡t ❛❧✳ ✭✷✵✶✹✮ r❡♣♦rt❡
❥✉sq✉✬à ✶✵ ✵✵✵ ❛❧✐❣♥❡♠❡♥ts ♣❛r ❧❡❝t✉r❡ ♣♦✉r ❞❡s ❞♦♥♥é❡s ❈❤■P✲s❡q ❝❤❡③ ❧❛ s♦✉r✐s✳ ■❧s
♦♥t ♠♦♥tré q✉✬❛✉ ❞❡❧à ❞❡ ✶✵ ✵✵✵ ❛❧✐❣♥❡♠❡♥ts✱ ❧❡s ♣♦s✐t✐♦♥s r❡♣♦rté❡s ❝♦rr❡s♣♦♥❞❛✐❡♥t à
❞❡s ré♣ét✐t✐♦♥s s✐♠♣❧❡s ❡t q✉❡ s❡✉❧❡♠❡♥t ❡♥tr❡ ✵✳✸ ❡t ✵✳✻✪ ❞❡s ❧❡❝t✉r❡s ét❛✐❡♥t é❝❛rté❡s
❞❡ ❧❡✉r ❛♥❛❧②s❡ ❡♥ ✉t✐❧✐s❛♥t ❝❡ s❡✉✐❧✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ s♦✉❧✐❣♥❡r q✉❡ ❞❛♥s ❝❡ ❝❛s✱ ❧❡s
❧✐❜r❛✐r✐❡s séq✉❡♥❝é❡s ét❛✐❡♥t ❞❡s ❧❡❝t✉r❡s s✐♥❣❧❡✲❡♥❞ ❞❡ ✺✵ ♣❜✳ ❈❡ s❡✉✐❧ ❡st ❜✐❡♥ sûr ❛♠❡♥é
à êtr❡ ♠♦❞✐✜é s❡❧♦♥ ❧❡ t②♣❡ ❞❡ séq✉❡♥ç❛❣❡ ❡t ❞♦♥❝ ❞❡ ❧❡❝t✉r❡s ✭s✐♥❣❧❡✲❡♥❞ ♦✉ ♣❛✐r❡❞✲❡♥❞
❡t ❧♦♥❣✉❡✉r ❞❡s ❧❡❝t✉r❡s✮ ❡t ❧✬❡s♣è❝❡ ét✉❞✐é❡✳
▲✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ♣❡✉t êtr❡ ❡✛❡❝t✉é s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡
♦✉ s✉r ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ❢♦✉r♥✐❡s ♣❛r ❘❡♣❇❛s❡ ✭❋✐❣✉r❡ ✶✳✶✽✮✳ ❈❡tt❡ ❞❡r♥✐èr❡ s♦✲
❧✉t✐♦♥ ❛ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s r❛♣✐❞❡ q✉✬✉♥ ❛❧✐❣♥❡♠❡♥t s✉r ❧❡ ❣é♥♦♠❡ ❝♦♠✲
✺✶
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
♣❧❡t✳ ▲❛ ❝♦♠♣❧❡①✐té ❞✉ ♣r♦❜❧è♠❡ ❞✬❛❧✐❣♥❡♠❡♥t ❡st ❢♦rt❡♠❡♥t ré❞✉✐t❡ ♣✉✐sq✉✬✉♥❡ s❡✉❧❡
séq✉❡♥❝❡ ❣é♥♦♠✐q✉❡ r❡♣rés❡♥t❡ ✉♥❡ ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s
séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ séq✉❡♥❝❡ ❞❡ ❧✬é❧é♠❡♥t ❛♥❝❡str❛❧ ❛❝t✐❢✳ ▲❡s é❧é✲
♠❡♥ts ♣rés❡♥ts ❞❛♥s ❧❡ ❣é♥♦♠❡ ❛②❛♥t s✉❜✐ ❞❡s ♠✉t❛t✐♦♥s ✭✐♥s❡rt✐♦♥✱ ❞é❧ét✐♦♥ ❡t s✉❜✲
st✐t✉t✐♦♥✮ ❞❡♣✉✐s ❧❡✉r ✐♥té❣r❛t✐♦♥✱ ✐❧ ❢❛✉t ♣❡r♠❡ttr❡ ♣❧✉s ❞✬❡rr❡✉rs ❡♥tr❡ ❧❡s ❧❡❝t✉r❡s ❞❡
séq✉❡♥ç❛❣❡ ❡t ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ✉♥ ❛❧✐❣♥❡♠❡♥t ❡✛❡❝t✉é s✉r ✉♥
❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✳
P♦✉r ✉♥❡ ❧✐st❡ ❞ét❛✐❧❧é❡ ❞✬♦✉t✐❧s ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t✱ s❡ ré❢ér❡r à ❋♦♥s❡❝❛ ❡t ❛❧✳ ✭✷✵✶✷✮
✭❤tt♣s✿✴✴✇✇✇✳❡❜✐✳❛❝✳✉❦✴⑦♥❢✴❤ts❴♠❛♣♣❡rs✴✮✳
◗✉❛♥t✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❆♣rès ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✱ s✬❡♥ s✉✐t ✉♥❡ ét❛♣❡ ❞❡ q✉❛♥t✐✜❝❛✲
t✐♦♥✳ ▲❡s ✈❛❧❡✉rs ❡st✐♠é❡s ❝♦rr❡s♣♦♥❞❡♥t ♣❛r ❡①❡♠♣❧❡ à ✉♥ ♥✐✈❡❛✉ ❞✬❡①♣r❡ss✐♦♥ ❞❛♥s ❧❡
❝❛s ❞✉ séq✉❡♥ç❛❣❡ ❞✉ tr❛♥s❝r✐♣t♦♠❡ ✭❘◆❆✲s❡q ♦✉ s♠❛❧❧ ❘◆❆✲s❡q✮✱ à ❧❛ ✜①❛t✐♦♥ ❞✬✉♥❡
♣r♦té✐♥❡ ♦✉ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❞✬✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✬❤✐st♦♥❡ ♣♦✉r ❞❡s ❞♦♥♥é❡s ❈❤■P✲s❡q
♦✉ ❧✬♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❞♦♥♥é❡s ❆❚❆❈✲s❡q✳ ❈❡s ✈❛❧❡✉rs s♦♥t
❡st✐♠é❡s ♣❛r ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s✐ ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❛ été ❡✛❡❝t✉é
s✉r ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s✳ ▲✬❛♥♥♦t❛t✐♦♥ ❢♦✉r♥✐❡ ♣❛r ❘❡♣❡❛t▼❛s❦❡r s✉r ✉♥ ❣é♥♦♠❡
❞❡ ré❢ér❡♥❝❡ ♣❡r♠❡t à ❧❛ ❢♦✐s ❞❡ q✉❛♥t✐✜❡r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ♠❛✐s ❛✉ss✐✱ ♣♦t❡♥t✐❡❧❧❡♠❡♥t✱
❝❤❛q✉❡ ❝♦♣✐❡ ❞✬é❧é♠❡♥t✳
▲❛ ♠ét❤♦❞❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ✉t✐❧✐sé❡ ❞é♣❡♥❞ ❞❡s ♣❛r❛♠ètr❡s ❝❤♦✐s✐s ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t
❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✳ ❈♦♥❝❡r♥❛♥t ❧❡s ❛❧✐❣♥❡♠❡♥ts ❞✐ts ✉♥✐q✉❡s ❡t ❛❧é❛t♦✐r❡s ✭❋✐❣✲
✉r❡ ✶✳✷✵✮✱ ❧❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉✈❡♥t êtr❡ q✉❛♥t✐✜é❡s ❡♥ ❢❛✐s❛♥t ❧❛
s♦♠♠❡ ❞❡s ❧❡❝t✉r❡s q✉✐ ❝❤❡✈❛✉❝❤❡♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s é❧é♠❡♥ts ❞✬✉♥❡ ❢❛♠✐❧❧❡✳ ❉❛♥s ❧❡ ❝❛s
♦ù ♣❧✉s✐❡✉rs ❛❧✐❣♥❡♠❡♥ts s♦♥t r❡♣♦rtés ♣❛r ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✱ ✐❧ ❡①✐st❡ ❞❡✉① ♠ét❤✲
♦❞❡s✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ❝♦♠♣t❡r ❝❤❛q✉❡ ❛❧✐❣♥❡♠❡♥t ❝♦♠♠❡ ✉♥❡ ❧❡❝t✉r❡✳ ❙✐ ✉♥❡
❧❡❝t✉r❡ s✬❛❧✐❣♥❡ à N ♣♦s✐t✐♦♥s ❞✐✛ér❡♥t❡s✱ ❧❡s N ❛❧✐❣♥❡♠❡♥ts s❡r♦♥t ❝♦♠♣t❛❜✐❧✐sés ❝♦♠♠❡
❞❡s ❛❧✐❣♥❡♠❡♥ts ✉♥✐q✉❡s✳ ▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ♣♦♥❞ér❡r ❝❤❛q✉❡ ❛❧✐❣♥❡♠❡♥t
♣❛r ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦s✐t✐♦♥s r❡t♦✉r♥é❡s ♣♦✉r ❧❛ ❧❡❝t✉r❡ ❝♦rr❡s♣♦♥❞❛♥t❡✳ ❈❤❛q✉❡ ❛❧✐❣♥❡✲
♠❡♥t s❡r❛ ❛❧♦rs ❝♦♠♣té 1N q✉❛♥❞ N ♣♦s✐t✐♦♥s s♦♥t r❡♣♦rté❡s✳
P♦✉r ✐♥❢♦r♠❛t✐♦♥✱ ❧✬♦✉t✐❧ ❋❡❛t✉r❡❈♦✉♥ts ✭▲✐❛♦ ❡t ❛❧✳✱ ✷✵✶✹✮ ♣❡r♠❡t ❞❡ q✉❛♥t✐✜❡r
❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ sé❧❡❝t✐♦♥♥❡r ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s
❞é❝r✐t❡s ❛✉♣❛r❛✈❛♥t ✭✉♥✐q✉❡✱ ❛❧é❛t♦✐r❡✱ ♠✉❧t✐♣❧❡ s❛♥s ❡t ❛✈❡❝ ♣♦♥❞ér❛t✐♦♥✮✳
✺✷
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
▲❛ ♠ét❤♦❞❡ ♥✬✉t✐❧✐s❛♥t ♣❛s ❞❡ ♣♦♥❞ér❛t✐♦♥ q✉❛♥❞ ♣❧✉s✐❡✉rs ❛❧✐❣♥❡♠❡♥ts s♦♥t r❡♣♦rtés
♥✬❡st ♣❛s ✉♥❡ ♠ét❤♦❞❡ r❡❝♦♠♠❛♥❞é❡ ✿ ❡❧❧❡ ❛ été ♥♦t❛♠♠❡♥t ❝♦♠♠❡♥té❡ ❡t sé✈èr❡♠❡♥t
❝r✐t✐q✉é❡ ❞❛♥s ❞❡✉① ❛rt✐❝❧❡s ✭▼❛r✐♥♦✈ ❡t ❛❧✳✱ ✷✵✶✺❀ ❘♦②♦ ❡t ❛❧✳✱ ✷✵✶✻✮ r❡♠❡tt❛♥t ❡♥ ❝❛✉s❡
❧❡s ❝♦♥❝❧✉s✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s ✭❍✉❛♥❣ ❡t ❛❧✳✱ ✷✵✶✸❀ ❙❛♠❛♥s ❡t ❛❧✳✱
✷✵✶✹✮✳
❉❛♥s ❧❛ ♣r❡♠✐èr❡ ét✉❞❡✱ ❍✉❛♥❣ ❡t ❛❧✳ ♦♥t ❛♥❛❧②sé ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡
P✐✇✐ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ ❞r♦s♦♣❤✐❧❡ ❛❞✉❧t❡ ♣❛r ❈❤■P✲s❡q✳ ❙✉✐t❡ à ❧✬❛❧✐❣♥❡♠❡♥t s✉r
❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡t ❧❡ ❝♦♠♣t❛❣❡ ❞❡ t♦✉t❡s ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✉♥✐q✉❡s ❡t
♠✉❧t✐♣❧❡s s❛♥s ♣♦♥❞ér❛t✐♦♥✱ ✐❧s ♦♥t ❝♦♥❝❧✉ à ✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t ❞❡ ❧❛ ♣r♦té✐♥❡ P✐✇✐ ❛✉
♥✐✈❡❛✉ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ ré✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ❝❡tt❡ ét✉❞❡
♠❛✐s ❡♥ r❡♣♦rt❛♥t ❧❡s ❛❧✐❣♥❡♠❡♥ts ✉♥✐q✉❡s ❡t ❧❡s ❛❧✐❣♥❡♠❡♥ts ♠✉❧t✐♣❧❡s ❛✈❡❝ ♣♦♥❞ér❛t✐♦♥✱
▼❛r✐♥♦✈ ❡t ❛❧✳ ♥❡ r❡tr♦✉✈❡♥t ♣❛s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❞❡ ❧❛ ♣r♦té✐♥❡ P✐✇✐ s✉r ❧❡s séq✉❡♥❝❡s
ré♣été❡s ✭❋✐❣✉r❡ ✶✳✷✶❇✮✳
❉❛♥s ❧❛ ❞❡✉①✐è♠❡ ét✉❞❡✱ ❙❛♠❛♥s ❡t ❛❧✳ ♦♥t ❝❛rt♦❣r❛♣❤✐é ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ♥✉❝❧é♦✲
s♦♠❡s ❞❛♥s ❧❡s s♣❡r♠❛t♦③♦ï❞❡s ❤✉♠❛✐♥ ❡t ❜♦✈✐♥✳ P♦✉r ❝❡❧❛✱ ✐❧s ♦♥t ❞✐❣éré ❧✬❆❉◆ ❛✈❡❝
✉♥❡ ♥✉❝❧é❛s❡ ♠✐❝r♦❝♦❝❝❛❧❡ q✉✐ ♣❡r♠❡t ❞❡ ❝♦♥s❡r✈❡r ❧❡s ❢r❛❣♠❡♥ts ❡♥r♦✉❧és ❛✉t♦✉r ❞❡s
❤✐st♦♥❡s✳ ❈❡tt❡ t❡❝❤♥✐q✉❡✱ ❛♣♣❡❧é❡ ▼◆❛s❡✲s❡q✱ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧❡s s✐t❡s ❞✬♦❝❝✉♣❛t✐♦♥
♣❛r ❧❡s ♥✉❝❧é♦s♦♠❡s✳ ■❧s ♦♥t ❞é❝✐❞é ❞❡ r❡♣♦rt❡r ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s
✈❛❧✐❞❡s ♣❛r ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡ ❡t ❛✉❝✉♥❡ ♣♦♥❞ér❛t✐♦♥ ♥✬❛ été ❡✛❡❝t✉é❡ ❧♦rs ❞❡ ❧✬ét❛♣❡
❞❡ q✉❛♥t✐✜❝❛t✐♦♥✳ ■❧s ♦❜s❡r✈❡♥t ❛❧♦rs q✉❡ ❧❡s q✉❡❧q✉❡s ♥✉❝❧é♦s♦♠❡s q✉✐ s♦♥t ♠❛✐♥t❡♥✉s
❞❛♥s ❧❡s s♣❡r♠❛t♦③♦ï❞❡s ✭❛❧♦rs q✉❡ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❤✐st♦♥❡s s♦♥t r❡♠♣❧❛❝é❡s
♣❛r ❞❡s ♣r♦t❛♠✐♥❡s✮ s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❧❡s ré❣✐♦♥s ré♣été❡s✳ ✾✸✪ ❡t ✽✺✪ ❞❡s s✐t❡s ❡♥✲
r✐❝❤✐s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡ ❧✬❆❉◆ ré♣été ❞❛♥s ❧❡ s♣❡r♠❡ ❤✉♠❛✐♥ ❡t ❜♦✈✐♥ r❡s♣❡❝t✐✈❡♠❡♥t✳
❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❝♦♥❝❧✉s✐♦♥ ❛ été q✉❛❧✐✜é❡ ❞✬✐♥✈❛❧✐❞❡ ♣❛r ❘♦②♦ ❡t ❛❧✳✳ ■❧s ♦♥t ♣♦✉r ❝❡❧❛
✉t✐❧✐sé ❧❡s ❞♦♥♥é❡s ▼◆❛s❡✲s❡q ✭é❝❤❛♥t✐❧❧♦♥ ❞❡ s♣❡r♠❡ ❤✉♠❛✐♥ ❞❡ ❙❛♠❛♥s ❡t ❛❧✳ ✭✷✵✶✹✮✮
♠❛✐s ❛✉ss✐ ❞❡✉① é❝❤❛♥t✐❧❧♦♥s ❝♦♥trô❧❡s q✉✐ ♥❡ ❞♦✐✈❡♥t ♣❛s êtr❡ ❡♥r✐❝❤✐s ❛✉ ♥✐✈❡❛✉ ❞❡s
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ▲❡ ♣r❡♠✐❡r é❝❤❛♥t✐❧❧♦♥ ❝♦♥trô❧❡ ❡st ✐ss✉ ❞✬✉♥❡ ❧✐❣♥é❡ ❝❡❧❧✉❧❛✐r❡
❤✉♠❛✐♥❡ ❡t ❝♦rr❡s♣♦♥❞ à ✉♥ é❝❤❛♥t✐❧❧♦♥ ❈❤■P✲s❡q ❝♦♥trô❧❡ ♥é❣❛t✐❢ ✭❛♥t✐✲■❣●✮✳ P♦✉r ❧❡
❞❡✉①✐è♠❡ é❝❤❛♥t✐❧❧♦♥ ❝♦♥trô❧❡✱ ❞❡s ❞♦♥♥é❡s ♣❛✐r❡❞✲❡♥❞ ♦♥t été s✐♠✉❧é❡s ❛✈❡❝ ✉♥❡ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡ ❢r❛❣♠❡♥t✱ ✉♥ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❡t ✉♥❡ t❛✐❧❧❡ ❞❡
❧❡❝t✉r❡s ✐❞❡♥t✐q✉❡s ❛✉① ❞♦♥♥é❡s ❣é♥éré❡s ♣❛r ❙❛♠❛♥s ❡t ❛❧✳✳ ▲❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
s♦♥t s✐♠✉❧é❡s ❞❡ ❢❛ç♦♥ ✉♥✐❢♦r♠❡ s✉r ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✳ ▲❡s tr♦✐s é❝❤❛♥t✐❧❧♦♥s ♦♥t été
✺✸
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❛♥❛❧②sés ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ✉t✐❧✐sé ♣❛r ❙❛♠❛♥s ❡t ❛❧✳ ♦ù t♦✉t❡s ❧❡s ❧❡❝t✉r❡s
❞❡ séq✉❡♥ç❛❣❡ s♦♥t r❡♣♦rté❡s✳ ■❧s ♦♥t ❛✉ss✐ ✉t✐❧✐sé ❧❛ str❛té❣✐❡ ❞✐t❡ ❛❧é❛t♦✐r❡ ♦ù ❞❛♥s ❧❡
❝❛s ❞❡ ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s✱ ✉♥❡ s❡✉❧❡ ♣♦s✐t✐♦♥ ❡st r❡♣♦rté❡ ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳ ■❧s ♦❜t✐❡♥✲
♥❡♥t ❛❧♦rs ✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t ♣♦✉r ❧❡s séq✉❡♥❝❡s ré♣été❡s ❡t ❧❡s ❝❡♥tr♦♠èr❡s ❛✈❡❝ ❧❡s tr♦✐s
é❝❤❛♥t✐❧❧♦♥s q✉❛♥❞ ❧❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞❡ ❙❛♠❛♥s ❡t ❛❧✳ ❡st ✉t✐❧✐sé ✭❋✐❣✉r❡ ✶✳✷✶❆✮✳ ❊♥
r❡✈❛♥❝❤❡✱ ❡♥ r❡♣♦rt❛♥t ✉♥ ❛❧✐❣♥❡♠❡♥t ♣❛r ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✱ ❛✉❝✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t
♥✬❡st tr♦✉✈é✳ ❈❡s rés✉❧t❛ts ❞é♠♦♥tr❡♥t q✉❡ r❡♣♦rt❡r t♦✉t❡s ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s s❛♥s
❧❡s ♣♦♥❞ér❡r ❝ré❡ ❞✉ s✐❣♥❛❧ q✉✐ ♥✬❡st ♣❛s ❜✐♦❧♦❣✐q✉❡✳
BA
% GC
CGI
Other
Sat
Centr
LCR
Simple
DNA
Chr 2
92 mb
92.1 mb
92.2 mb
92.3 mb
0
100
200
0
100
200
0
10
20
0
10
20
0
40
80
0
40
80
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SINE
LINE
LTR
GGT8P
alignement 
unique
alignement  
multiple avec 
pondération
alignement  
multiple sans 
pondération
Mappabilité (36 bp )
Eléments répétés
Gènes codant 
protéine
Alignement aléatoire
Pipeline Samans
Alignement aléatoire
Pipeline Samans
Alignement aléatoire
Pipeline Samans
❋✐❣✉r❡ ✶✳✷✶✿ ◗✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s s❛♥s ♣♦♥❞ér❛t✐♦♥✳ ❆✳ ❱✐s✉❛❧✲
✐s❛t✐♦♥ ❞✉ s✐❣♥❛❧ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❤✉♠❛✐♥ ✐ss✉ ❞❡ ❧✬ét✉❞❡ ❙❛♠❛♥s ❡t ❛❧✳
✭✷✵✶✹✮✱ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❝♦♥trô❧❡ ♣r♦✈❡♥❛♥t ❞✬❊◆❈❖❉❊ ❡t ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ s✐♠✉❧é✳ ❈❤❛q✉❡
é❝❤❛♥t✐❧❧♦♥ ❡st ❛❧✐❣♥é ❡♥ r❡♣♦rt❛♥t ❧❡s ❧❡❝t✉r❡s ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ❡t ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♣✐♣❡❧✐♥❡
❞✬❛♥❛❧②s❡ ❞❡ ❙❛♠❛♥s ❡t ❛❧✳ ✭✷✵✶✹✮✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❘♦②♦ ❡t ❛❧✳ ✭✷✵✶✻✮✳ ❇✳ ❱✐s✉❛❧✐s❛t✐♦♥ ❞✉
s✐❣♥❛❧ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❛✈❡❝ ❧❡s é❝❤❛♥t✐❧❧♦♥s ❈❤■P ❡t ♥♦♥ ✐♠♠✉♥♦♣ré❝✐♣✐té ✭❜❛❝❦❣r♦✉♥❞✮
✐ss✉s ❞❡ ❧✬ét✉❞❡ ❍✉❛♥❣ ❡t ❛❧✳ ✭✷✵✶✸✮✳ ▲❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s♦♥t ❛❧✐❣♥é❡s ❞❡ ❢❛ç♦♥
✉♥✐q✉❡✱ ❡♥ r❡♣♦rt❛♥t t♦✉s ❧❡s ❛❧✐❣♥❡♠❡♥ts ✈❛❧✐❞❡s ❛✈❡❝ ❡t s❛♥s ♣♦♥❞ér❛t✐♦♥✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡
▼❛r✐♥♦✈ ❡t ❛❧✳ ✭✷✵✶✺✮✳
▲❡s ❞❡✉① ❝♦♠♠❡♥t❛✐r❡s ❞❡ ▼❛r✐♥♦✈ ❡t ❛❧✳❀ ❘♦②♦ ❡t ❛❧✳ ♣r♦✉✈❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞✬✉t✐❧✐s❡r
❞❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❛❞❛♣té❡s ❛✜♥ ❞❡ ♥❡ ♣❛s ❝ré❡r ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❛rt✐✜❝✐❡❧
✺✹
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❛✉ ♥✐✈❡❛✉ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❈❡s ♠ét❤♦❞❡s ❞♦✐✈❡♥t êtr❡ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s
♣❛r❛♠ètr❡s ❡t ❧❡s ♦✉t✐❧s ✉t✐❧✐sés ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✳
✶✳✸✳✷ ▼ét❤♦❞❡s ❡①✐st❛♥t❡s ♣♦✉r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s
❆✜♥ ❞❡ ♥❡ ♣❛s ❜✐❛✐s❡r ❧✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡
séq✉❡♥ç❛❣❡✱ ♣❧✉s✐❡✉rs ♦✉t✐❧s ❞é❞✐és à ❧❡✉r ❛♥❛❧②s❡ ♦♥t été ❞é✈❡❧♦♣♣és✳ ❊♥✈✐r♦♥ ✶✻✪
❞❡s ❣é♥♦♠❡s ❤✉♠❛✐♥ ❡t ♠✉r✐♥ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ré❣✐♦♥s ♦ù ❧❡s ❧❡❝t✉r❡s ❞❡ ✺✵ ♣❜
s♦♥t ❛❧✐❣♥é❡s ❞❡ ❢❛ç♦♥ ♠✉❧t✐♣❧❡ ✭❉❡rr✐❡♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲♦rs ❞✬✉♥ ❛❧✐❣♥❡♠❡♥t ✉♥✐q✉❡✱
❧❡s séq✉❡♥❝❡s ♠✉❧t✐♣❧❡s ♣r♦✈❡♥❛♥t ❞❡s é❧é♠❡♥ts ré♣étés s♦♥t r❡t✐ré❡s ❞❡ ❧✬❛♥❛❧②s❡ ❡t
❧✬✐♥❢♦r♠❛t✐♦♥ ✐ss✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st ❛❧♦rs ✐♥❝♦♠♣❧èt❡ ✭❋✐❣✉r❡ ✶✳✷✶❇✮✳
▲❡s ♦✉t✐❧s ❞é✈❡❧♦♣♣és ♣♦✉r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✉t✐❧✐s❡♥t ❝❡s
séq✉❡♥❝❡s ❞✐t❡s ♠✉❧t✐♣❧❡s ❛✜♥ ❞❡ ré❝✉♣ér❡r ❛✉ ♠❛①✐♠✉♠ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❜✐♦❧♦❣✐q✉❡✳
❚r♦✐s ♣✐♣❡❧✐♥❡s ❞✬❛♥❛❧②s❡ s❡r♦♥t ❞ét❛✐❧❧és ♣❧✉s ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s s✉✐✈❛♥ts ✿
❘❡♣❊♥r✐❝❤✱ ❚❊t♦♦❧s ❡t ❚❊tr❛♥s❝r✐♣ts✳
❘❡♣❊♥r✐❝❤ ✿
❈r✐s❝✐♦♥❡ ❡t ❛❧✳ ✭✷✵✶✹✮ ♦♥t ❞é✈❡❧♦♣♣é ✉♥ ♦✉t✐❧ ❛♣♣❡❧é ❘❡♣❊♥r✐❝❤ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡
❧✬ét✉❞❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❞❡s ❊❚✳ ■❧ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❞❡s ❞♦♥♥é❡s
tr❛♥s❝r✐♣t♦♠✐q✉❡s ❡t é♣✐❣é♥♦♠✐q✉❡s ❝♦♠♠❡ ❞❡s ❞♦♥♥é❡s ❈❤■P✲s❡q✳ ▲❡s ❛✉t❡✉rs ❞❡ ❝❡t
♦✉t✐❧ r❡❝♦♠♠❛♥❞❡♥t ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❛✈❡❝ ❧✬♦✉t✐❧ ❇♦✇t✐❡ ✭▲❛♥❣✲
♠❡❛❞ ❡t ❛❧✳✱ ✷✵✵✾✮ ❛✈❡❝ ❞❡s ♣❛r❛♠ètr❡s s♣é❝✐✜q✉❡s ✭♦♣t✐♦♥s ✿ ❜♦✇t✐❡ ❜♦✇t✐❡■♥❞❡① −♣ ✶✻
−t −♠ ✶ −❙ −−♠❛① s❛♠♣❧❡❆♠✉❧t✐♠❛♣✳❢❛stq s❛♠♣❧❡❆✳❢❛stq s❛♠♣❧❡❆✉♥✐q✉❡✳s❛♠✮✳ ❆✈❡❝
❝❡s ♣❛r❛♠ètr❡s✱ ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s s♦♥t ❛❧✐❣♥é❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ✭✜❝❤✐❡r s❛♠✲
♣❧❡❆✉♥✐q✉❡✳s❛♠✮ t❛♥❞✐s q✉❡ ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s s♦♥t st♦❝❦é❡s ❞❛♥s ❧❡ ✜❝❤✐❡r s❛♠♣❧❡❆✲
♠✉❧t✐♠❛♣✳❢❛stq✳ ❘❡♣❊♥r✐❝❤ ♣r❡♥❞ ❡♥ ❡♥tré❡ ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s ❛❧✐❣♥é❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡
ré❢ér❡♥❝❡✱ ❡t ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ✭❋✐❣✉r❡ ✶✳✷✷❆✮✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❘❡♣❊♥r✐❝❤ ❡st
❞❡ ❝♦♠♣t❡r ♣❛r ❢❛♠✐❧❧❡ ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s q✉✐ ❝❤❡✈❛✉❝❤❡♥t ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳
❊♥s✉✐t❡✱ ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s st♦❝❦é❡s à ♣❛rt s♦♥t ❛❧✐❣♥é❡s s✉r ❞❡s ♣s❡✉❞♦✲❣é♥♦♠❡s✱
❛✉ss✐ ❛✈❡❝ ❇♦✇t✐❡✳ P♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ✉♥ ♣s❡✉❞♦✲❣é♥♦♠❡
❡st ❛ss❡♠❜❧é ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❝♦♥❝❛té♥❛t✐♦♥ ❞❡ t♦✉s ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❛✈❡❝
❧❡✉rs séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s✳ ❯♥ ❛❧✐❣♥❡♠❡♥t ❛❧é❛t♦✐r❡ ❡st r❡♣♦rté ♣❛r ♣s❡✉❞♦✲❣é♥♦♠❡✳
✺✺
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
1) Alignement unique sur le génome
2) Les lectures uniques qui 
chevauchent les TE sont triées
3) Les lectures multiples sont alignées 
sur les pseudo-génomes des TE
Eléments L1H
Eléments AluY
Lectures multiples
Espace
Séquence anquante (15 pb)
Element génomique RepeatMasker
Inputs
Output
(SAM/BAM)
Gene annotations
(GTF)
TE annotations
(GTF)
Gene index TE indexIndexing
TE or Gene
Reads?
TE Gene
Resolve
Ambiguity
Gene count
table
TE modemulti
Equal
Weighting Resolve
Ambiguity
uniq
Expectation
Maximization(multi-reads)
TE count
table
A
B C
❋✐❣✉r❡ ✶✳✷✷✿ ▼ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❆✳
P✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞❡ ❘❡♣❊♥r✐❝❤✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❈r✐s❝✐♦♥❡ ❡t ❛❧✳ ✭✷✵✶✹✮✳ ❇✳ P✐♣❡❧✐♥❡
❞✬❛♥❛❧②s❡ ❞❡ ❚❊t♦♦❧s✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡ ▲❡r❛t ❡t ❛❧✳ ✭✷✵✶✻✮✳ ❈✳ P✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞❡ ❚❊tr❛♥✲
s❝r✐♣ts✳ ❋✐❣✉r❡ ✐ss✉❡ ❞❡ ❏✐♥ ❡t ❛❧✳ ✭✷✵✶✺✮✳
❯♥❡ ❢♦✐s ❧✬❛❧✐❣♥❡♠❡♥t ré❛❧✐sé✱ ❘❡♣❊♥r✐❝❤ ♣r♦♣♦s❡ tr♦✐s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥
❞✐✛ér❡♥t❡s✳ ▲❛ ♣r❡♠✐èr❡✱ r❡♣❊♥r✐❝❤ ❯♥✐q✉❡✱ ✉t✐❧✐s❡ ❧❡s ❧❡❝t✉r❡s q✉✐ s✬❛❧✐❣♥❡♥t s✉r ✉♥❡
s❡✉❧❡ ❢❛♠✐❧❧❡ ❝✬❡st✲à✲❞✐r❡ ✉♥ s❡✉❧ ♣s❡✉❞♦✲❣é♥♦♠❡✳ ▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡✱ r❡♣❊♥r✐❝❤
❚♦t❛❧✱ ❝♦♠♣t❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❧❡❝t✉r❡s✱ ✉♥✐q✉❡s ❡t ♠✉❧t✐♣❧❡s✱ q✉✐ s✬❛❧✐❣♥❡♥t s✉r ❝❤❛q✉❡
❢❛♠✐❧❧❡✿ ❝❡tt❡ ♠ét❤♦❞❡ ❡st éq✉✐✈❛❧❡♥t❡ à ❡✛❡❝t✉❡r ✉♥ ❛❧✐❣♥❡♠❡♥t ♠✉❧t✐♣❧❡ s❛♥s ♣♦♥❞ér❛✲
t✐♦♥✳ ❊♥✜♥✱ ❧❛ ❞❡r♥✐èr❡ str❛té❣✐❡✱ r❡♣❊♥r✐❝❤ ❋r❛❝t✐♦♥❛❧✱ ✉t✐❧✐s❡ t♦✉s ❧❡s ❛❧✐❣♥❡♠❡♥ts
r❡♣♦rtés✳ P♦✉r ❝❤❛q✉❡ ❛❧✐❣♥❡♠❡♥t✱ ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ♣♦♥❞ér❛t✐♦♥ 1N ❡st ❛ss✐❣♥é ♦ù N ❝♦r✲
r❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ❞❡ ❢❛♠✐❧❧❡s s✉r ❧❡sq✉❡❧❧❡s ❧❛ ❧❡❝t✉r❡ s✬❛❧✐❣♥❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ str❛té❣✐❡
❡st éq✉✐✈❛❧❡♥t❡ à ❡✛❡❝t✉❡r ✉♥ ❛❧✐❣♥❡♠❡♥t ♠✉❧t✐♣❧❡ ❛✈❡❝ ♣♦♥❞ér❛t✐♦♥✳
✺✻
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❆✜♥ ❞❡ ❝♦♠♣❛r❡r ❝❡s tr♦✐s ♠ét❤♦❞❡s✱ ❈r✐s❝✐♦♥❡ ❡t ❛❧✳ ♦♥t s✐♠✉❧é ❞❡s ❞♦♥♥é❡s ❈❤■P✲
s❡q s✉r ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥ ❡t ✐❧s ♦♥t ❡♥s✉✐t❡ ❝♦rré❧é ❧❡s ✈❛❧❡✉rs ❡st✐♠é❡s ❡t s✐♠✉❧é❡s✳
▲❛ ♠ét❤♦❞❡ r❡♣❊♥r✐❝❤ ❯♥✐q✉❡ ❛ t❡♥❞❛♥❝❡ à s✉r✲ ❡t s♦✉s✲❡st✐♠❡r ❝❡rt❛✐♥❡s ❢❛♠✐❧❧❡s
❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ▲❛ ♠ét❤♦❞❡ r❡♣❊♥r✐❝❤ ❚♦t❛❧ ✐♥tr♦❞✉✐t ✉♥ ❣r♦s ❜✐❛✐s ♣♦✉r ❝❡r✲
t❛✐♥❡s ❢❛♠✐❧❧❡s ❡♥ ❧❡s s✉r✲❡st✐♠❛♥t✳ ❈❡ ❝♦♥st❛t ❝♦rrè❧❡ ❛✈❡❝ ❧❡s ét✉❞❡s ❞❡ ▼❛r✐♥♦✈ ❡t ❛❧✳❀
❘♦②♦ ❡t ❛❧✳ q✉✐ ♠♦♥tr❡♥t q✉❡ ❧❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ s❛♥s ♣♦♥❞ér❛t✐♦♥ ❝ré❡♥t
✉♥ s✐❣♥❛❧ ❛rt✐✜❝✐❡❧✳ ❊♥✜♥✱ ❧❛ ♠ét❤♦❞❡ r❡♣❊♥r✐❝❤ ❋r❛❝t✐♦♥❛❧ ❢♦✉r♥✐ss❛♥t ❧❛ ♠❡✐❧❧❡✉r❡
❡st✐♠❛t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞✬❛❜♦♥❞❛♥❝❡✱ ❡st ✉t✐❧✐sé❡ ♣❛r ❞é❢❛✉t ♣❛r ❧✬♦✉t✐❧ ❘❡♣❊♥r✐❝❤✳
❚❊t♦♦❧s ✿
▲❡r❛t ❡t ❛❧✳ ✭✷✵✶✻✮ ♦♥t ❞é✈❡❧♦♣♣é ❧✬♦✉t✐❧ ❚❊t♦♦❧s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s
tr❛♥s❝r✐♣t♦♠✐q✉❡s ✭❋✐❣✉r❡ ✶✳✷✷❇✮✳ ❊♥ ❡♥tré❡✱ ❧✬✉t✐❧✐s❛t❡✉r ❢♦✉r♥✐t ❧❡s ❞♦♥♥é❡s ❜r✉t❡s ❛✉
❢♦r♠❛t ❋❆❙❚◗ ❛✐♥s✐ q✉✬✉♥ ✜❝❤✐❡r ❞❡ séq✉❡♥❝❡s ❝♦♣✐❡s✳❢❛st❛ ❡t ✉♥ ✜❝❤✐❡r ❞✬❛♥♥♦t❛t✐♦♥
r♦s❡tt❡✳ ▲❡ ✜❝❤✐❡r ❝♦♣✐❡s✳❢❛st❛ ❝♦♠♣r❡♥❞ t♦✉t❡s ❧❡s séq✉❡♥❝❡s ❞❡s é❧é♠❡♥ts q✉✐ s♦♥t ✉t✐❧✲
✐sé❡s ♣♦✉r ❧✬❛♥❛❧②s❡✳ ■❧ ♣❡✉t ❝♦rr❡s♣♦♥❞r❡ à ❧✬❡♥s❡♠❜❧❡ ❞❡s séq✉❡♥❝❡s ❞❡s é❧é♠❡♥ts tr❛♥s✲
♣♦s❛❜❧❡s ❡①tr❛✐t❡s ❞✬✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ♦✉ à ❞❡s séq✉❡♥❝❡s ❛♥♥♦té❡s ♠❛♥✉❡❧❧❡♠❡♥t
♣♦✉r ✉♥ ❣é♥♦♠❡ ♥♦♥✲séq✉❡♥❝é✳ ▲❡ ✜❝❤✐❡r r♦s❡tt❡ ❡st ✉♥ ✜❝❤✐❡r sé♣❛ré ♣❛r ❞❡s t❛❜✉❧❛✲
t✐♦♥s ❛✈❡❝ ❡♥ ♣r❡♠✐èr❡ ❝♦❧♦♥♥❡ ❧❡ ♥♦♠ ❞❡s é❧é♠❡♥ts ♣rés❡♥ts ❞❛♥s ❧❡ ✜❝❤✐❡r ❝♦♣✐❡s✳❢❛st❛
❡t ❡♥ ❞❡✉①✐è♠❡ ❝♦❧♦♥♥❡ ✉♥❡ ✈❛r✐❛❜❧❡ q✉✐ ❛ss♦❝✐❡ ❧✬é❧é♠❡♥t à ✉♥ ❣r♦✉♣❡ ❞❡ séq✉❡♥❝❡s ✭♣❛r
❡①❡♠♣❧❡✱ ❧❛ ❢❛♠✐❧❧❡ ♦✉ ❧❛ s✉♣❡r✲❢❛♠✐❧❧❡✮✳ ▲❡s ✈❛❧❡✉rs ❞✬❡①♣r❡ss✐♦♥ s❡r♦♥t ❝❛❧❝✉❧é❡s ♣❛r
❣r♦✉♣❡ ❞❡ séq✉❡♥❝❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❚❊t♦♦❧s ❧❛♥❝❡ ✉♥ ❛❧✐❣♥❡♠❡♥t ❛✈❡❝ ❧✬♦✉t✐❧ ❇♦✇t✐❡ ♦✉
❇♦✇t✐❡✷ ✭▲❛♥❣♠❡❛❞ ❛♥❞ ❙❛❧③❜❡r❣✱ ✷✵✶✷✮ s✉r ❧❡s séq✉❡♥❝❡s ❢♦✉r♥✐❡s ❞❛♥s ❝♦♣✐❡s✳❢❛st❛✳
❯♥❡ s❡✉❧❡ ♣♦s✐t✐♦♥ ❡st r❡♣♦rté❡ ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳ P♦✉r ❝❤❛q✉❡ ❝♦♣✐❡ ♣rés❡♥t❡ ❞❛♥s ❧❡
✜❝❤✐❡r ❝♦♣✐❡s✳❢❛st❛✱ ✉♥❡ ✈❛❧❡✉r ❞✬❡①♣r❡ss✐♦♥ ❡st ❝❛❧❝✉❧é❡ ❡t ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ❞❡ ❧❡❝✲
t✉r❡s ❛❧✐❣♥é❡s✳ ❊♥ s♦rt✐❡ ❞❡ ❚❊t♦♦❧s✱ ❡st r❡t♦✉r♥é❡ ✉♥❡ t❛❜❧❡ ❞❡ ❝♦♠♣t❛❣❡ ❛✈❡❝ ❧❡s ✈❛❧❡✉rs
❞✬❡①♣r❡ss✐♦♥ ❞❡ ❝❤❛q✉❡ ❣r♦✉♣❡ ❞❡ séq✉❡♥❝❡s ✭❢❛♠✐❧❧❡✱ s✉♣❡r✲❢❛♠✐❧❧❡✮✳ Pr❡♥♦♥s ❧✬❡①❡♠♣❧❡
❞✉ ❣r♦✉♣❡ ❚❊❴❆ ❞❡ séq✉❡♥❝❡s✱ ❧❛ ✈❛❧❡✉r ❞✬❡①♣r❡ss✐♦♥ ❝♦rr❡s♣♦♥❞ à ❧❛ s♦♠♠❡ ❞❡s ✈❛❧❡✉rs
❞❡ t♦✉s ❧❡s é❧é♠❡♥ts ❛♥♥♦tés ❚❊❴❆ ✭❛♥♥♦t❛t✐♦♥ ♣rés❡♥t❡ ❡♥ ❞❡✉①✐è♠❡ ❝♦❧♦♥♥❡ ❞✉ ✜❝❤✐❡r
r♦s❡tt❡✮✳ ▲❡ ♣r❡♠✐❡r ♠♦❞✉❧❡ ❞❡ ❚❊t♦♦❧s✱ ❛♣♣❡❧é ❚❊❝♦✉♥t✱ ♣❡r♠❡t ❞❡ q✉❛♥t✐✜❡r ❧❡s é❧é✲
♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❯♥ ❞❡✉①✐è♠❡ ♠♦❞✉❧❡✱ ❚❊❞✐✛✱ ❞♦♥♥❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♠♣❛r❡r
❞❡s é❝❤❛♥t✐❧❧♦♥s ❡♥ ❧❛♥ç❛♥t ❧✬♦✉t✐❧ ❉❊❙❡q✷ ✭▲♦✈❡ ❡t ❛❧✳✱ ✷✵✶✹✮✳
✺✼
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❚❊tr❛♥s❝r✐♣ts ✿
❏✐♥ ❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t ❞é✈❡❧♦♣♣é ❧✬♦✉t✐❧ ❚❊tr❛♥s❝r✐♣ts q✉✐ ❛ ❧✬❛✈❛♥t❛❣❡ ❞❡ ♣❡r♠❡✲
ttr❡ ❞❡ q✉❛♥t✐✜❡r s✐♠✉❧t❛♥é♠❡♥t ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡t ❧❡s ❣è♥❡s à ♣❛rt✐r ❞❡
❞♦♥♥é❡s ❘◆❆✲s❡q ✭❋✐❣✉r❡ ✶✳✷✷❈✮✳ ■❧s r❡❝♦♠♠❛♥❞❡♥t ❞✬✉t✐❧✐s❡r ❧✬♦✉t✐❧ ❙❚❆❘ ✭❉♦❜✐♥
❡t ❛❧✳✱ ✷✵✶✸✮ ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t ❡♥ r❡t♦✉r♥❛♥t ❛✉ ♠❛①✐♠✉♠ ✶✵✵ ♣♦s✐t✐♦♥s ♣❛r ❧❡❝t✉r❡
❞❡ séq✉❡♥ç❛❣❡ ✭❏✐♥ ❛♥❞ ❍❛♠♠❡❧❧✱ ✷✵✶✽✮✳ ❆ ♣❛rt✐r ❞✉ ✜❝❤✐❡r ❞✬❛❧✐❣♥❡♠❡♥t ❡t ❞❡ ❞❡✉①
✜❝❤✐❡rs ❞✬❛♥♥♦t❛t✐♦♥ ✭✉♥ ♣♦✉r ❧❡s ❣è♥❡s ❡t ✉♥ ♣♦✉r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✮✱ ❝❤❛q✉❡
❛❧✐❣♥❡♠❡♥t q✉✐ ❝❤❡✈❛✉❝❤❡ ✉♥❡ ré❣✐♦♥ ❣é♥♦♠✐q✉❡✱ ✉♥ ❣è♥❡ ♦✉ ✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡✱
❡st ❛ss✐❣♥é à ❝❡tt❡ ré❣✐♦♥✳ ▲✬✉t✐❧✐s❛t❡✉r ♣❡✉t ❝❤♦✐s✐r ❞❡ ♥✬✉t✐❧✐s❡r q✉❡ ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s
✭❚❊tr❛♥s❝r✐♣ts ❯♥✐q✉❡✮ ♦✉ ❞✬✐♥❝❧✉r❡ ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ✭❚❊tr❛♥s❝r✐♣ts ▼✉❧t✐♣❧❡✮ ❞❛♥s
❧✬❛♥❛❧②s❡✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s s♦♥t ✉t✐❧✐sé❡s✱ ✉♥ ♣♦✐❞s 1N ❡st ❛ss✐❣♥é
♦ù N ❡st ❧❡ ♥♦♠❜r❡ ❞✬❛❧✐❣♥❡♠❡♥ts✳ P♦✉r ❡st✐♠❡r ❧✬❛❜♦♥❞❛♥❝❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s✲
❛❜❧❡s✱ ❧✬❛❧❣♦r✐t❤♠❡ ✐tér❛t✐❢ ❡s♣ér❛♥❝❡✲♠❛①✐♠✐s❛t✐♦♥ ✭❊▼✮ ❡st ✉t✐❧✐sé✳ P♦✉r ❝❡❧❛✱ ✐❧s ❢♦♥t
❧✬❤②♣♦t❤ès❡ q✉✬✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡ tr❛♥s❝r✐t ❝♦♥t✐❡♥❞r❛ ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ s❛ séq✉❡♥❝❡ ❛❧♦rs q✉✬✉♥ é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡ ♥♦♥✲tr❛♥s❝r✐t s❡r❛ ❝♦✉✲
✈❡rt ✉♥✐q✉❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ séq✉❡♥❝❡s s✐♠✐❧❛✐r❡s à ❞✬❛✉tr❡s é❧é♠❡♥ts✳ P❛r ❝♦♥séq✉❡♥t✱
❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s♦♥t r❡❞✐str✐❜✉é❡s à ❝❤❛q✉❡ ✐tér❛t✐♦♥ ❞❡ ❧✬❛❧❣♦r✐t❤♠❡ ✈❡rs ❧❡s
é❧é♠❡♥ts ❧❡s ♣❧✉s ❡①♣r✐♠és✳ ▲❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s ♥❡ s♦♥t ♣❛s ✉t✐❧✐sé❡s ❝♦♠♠❡ ✉♥ ❛ ♣r✐♦r✐
♣♦✉r ✐♥✐t✐❛❧✐s❡r ❧✬❛❜♦♥❞❛♥❝❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ▲❡s ❝♦♣✐❡s ❛❝t✐✈❡s s♦♥t s♦✉✈❡♥t
❧❡s ♣❧✉s ❥❡✉♥❡s ❡t ❝❡❧❧❡s q✉✐ ♦♥t ❧❡ ♠♦✐♥s ❞❡ ♣♦❧②♠♦r♣❤✐s♠❡s ❡t q✉✐ ♦♥t ❞♦♥❝ ✉♥ ♥♦♠❜r❡
❞❡ ❧❡❝t✉r❡s ✉♥✐q✉❡s ♣❧✉s ❢❛✐❜❧❡✳ ❯t✐❧✐s❡r ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s ❜✐❛✐s❡r❛✐t ❧✬❛♥❛❧②s❡ ❛✈❡❝ ✉♥❡
s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡s ♣❧✉s ❥❡✉♥❡s ❝♦♣✐❡s ❡t ✉♥❡ s✉r✲❡st✐♠❛t✐♦♥ ❞❡s ❝♦♣✐❡s ♣❧✉s ❛♥❝✐❡♥♥❡s✳
❊♥✜♥✱ ❚❊tr❛♥s❝r✐♣ts ✐♥❝♦r♣♦r❡ ❧✬❛♥❛❧②s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❛✈❡❝ ❉❊❙❡q ✭❆♥❞❡rs ❛♥❞ ❍✉❜❡r✱
✷✵✶✵✮✳ ■❧ ♣r♦♣♦s❡ ❛✉ss✐ ❞❡✉① ♠ét❤♦❞❡s ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥ ✿ ✉♥❡ ♥♦r♠❛❧✐s❛t✐♦♥ q✉❛♥t✐❧❡ ❡t
✉♥❡ ♥♦r♠❛❧✐s❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❧✐❜r❛✐r✐❡ ✭❘P▼ ♣♦✉r ❘❡❛❞s ♣❡r ♠✐❧❧✐♦♥✮✳
❱❡rs ✉♥❡ st❛♥❞❛r❞✐s❛t✐♦♥ ❞❡s ♠ét❤♦❞❡s ❛♥❛❧②t✐q✉❡s ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s✲
❛❜❧❡s❄
❈❡s tr♦✐s ♠ét❤♦❞❡s ❧❡s ♣❧✉s ❝♦♠♠✉♥❡s ✉t✐❧✐s❡♥t ❞❡s ♦✉t✐❧s ❞✬❛❧✐❣♥❡♠❡♥ts ❞✐✛ér❡♥ts
✭❇♦✇t✐❡✶✱ ❇♦✇t✐❡✷ ❡t ❙❚❆❘✮✳ ❉❡ ♣❧✉s✱ ❧❡s str❛té❣✐❡s ♣♦✉r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ s♦♥t ♣r♦♣r❡s
à ❝❤❛q✉❡ ♠ét❤♦❞❡ ✿ ✉t✐❧✐s❛t✐♦♥ ❞❡ ♣s❡✉❞♦✲❣é♥♦♠❡✱ ❞❡s séq✉❡♥❝❡s ❞❡s ❊❚ ❡①tr❛✐t❡s ❞✬✉♥
❣é♥♦♠❡ ❡t ❞✉ ❣é♥♦♠❡ ❝♦♠♣❧❡t✳ ❚❊tr❛♥s❝r✐♣ts ❡t ❘❡♣❊♥r✐❝❤ ♣r♦♣♦s❡♥t ❛✉ss✐ ❞✐✛ér❡♥t❡s
♠ét❤♦❞❡s ♣♦✉r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥✳ ◗✉❡❧✭s✮ ♦✉t✐❧✭s✮ ❞✬❛❧✐❣♥❡♠❡♥t ❛ ❧❛ ♠❡✐❧❧❡✉r❡ s❡♥s✐❜✐❧✐té
✺✽
✶✳✸✳ ❆♥❛❧②s❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ◆●❙
❡t s♣é❝✐✜❝✐té ♣♦✉r r❡♣♦rt❡r ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✐ss✉❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s❄
◗✉❡❧❧❡ ♠ét❤♦❞❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞♦♥♥❡ ❧❛ ♠❡✐❧❧❡✉r❡ ❡st✐♠❛t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞✬❛❜♦♥❞❛♥❝❡
❞❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s❄ ❈❡s ❞✐✛ér❡♥t❡s q✉❡st✐♦♥s ♦♥t été ❧❡ ♠♦t❡✉r ❞❡
♠♦♥ ét✉❞❡ ❝♦♠♣❛r❛t✐✈❡ ❞❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❡t ♦✉t✐❧s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡✳ ❈❡tt❡ ❛♥❛❧②s❡ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥
❧✉♠✐èr❡ ❧❡s ❞✐✣❝✉❧tés r❡♥❝♦♥tré❡s ♠❛✐s ❛✉ss✐ ❞❡ ❞♦♥♥❡r ✉♥ ❣✉✐❞❡ ❞❡ ❜♦♥♥❡s ♣r❛t✐q✉❡s
♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭✈♦✐r P❛rt✐❡ ✹✳✷✮✳
✺✾
✷❘é❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❡♥ ❛❜s❡♥❝❡ ❞❡
♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆
✷✳✶ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s ❡t ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❞✐✛ér❡♥❝✐é❡s✱ ❧❡ ♣r✐♥❝✐♣❛❧
♠é❝❛♥✐s♠❡ ❞❡ ré♣r❡ss✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ✭✈♦✐r
✶✳✷✳✷✮✳ ❈❡♣❡♥❞❛♥t✱ ❧♦rs ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡ ❡t ❞❡ ❧❛ ❣❛♠ét♦❣❡♥ès❡✱ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡
❧✬❆❉◆ ❡st ❡✛❛❝é❡ ❞❡ ❢❛ç♦♥ ❡①t❡♥s✐✈❡ ✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷❀ ❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆✉
❝♦✉rs ❞❡ ❧❛ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s✱ ✐❧ ❡st ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t q✉❡ ❧❡s
rétr♦tr❛♥s♣♦s♦♥s s♦✐❡♥t ♠✐s s♦✉s s✐❧❡♥❝❡ ❝❛r t♦✉t é✈è♥❡♠❡♥t ❞✬✐♥s❡rt✐♦♥ ❞❡ ♥♦✈♦ ♣♦t❡♥✲
t✐❡❧❧❡♠❡♥t ♠✉t❛❣è♥❡ ♣♦✉rr❛✐t êtr❡ tr❛♥s♠✐s à ❧❛ ❣é♥ér❛t✐♦♥ s✉✐✈❛♥t❡✳ ❈❡ s✐♠♣❧❡ ❝♦♥st❛t
s♦✉❧è✈❡ ❧❛ q✉❡st✐♦♥ ❞❡ s❛✈♦✐r ❝♦♠♠❡♥t ❧❡s ❊❚ s♦♥t t❡♥✉s s♦✉s ❝♦♥trô❧❡ à ❝❡s st❛❞❡s ❞❡
❞é✈❡❧♦♣♣❡♠❡♥t ♦ù ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ❣é♥♦♠✐q✉❡ ❡st ❜❛s✳ ❈❡♣❡♥❞❛♥t✱ ét✉❞✐❡r ❧❛
❞②♥❛♠✐q✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❧♦rs ❞❡s ♣❤❛s❡s ❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s ❞❡ ❞é♠ét❤②✲
❧❛t✐♦♥ r❡st❡ ✉♥ é♥♦r♠❡ ❝❤❛❧❧❡♥❣❡✳ ■❧ ✐♠♣❧✐q✉❡ ❞❡ ré❝♦❧t❡r ❞✉ ♠❛tér✐❡❧ ❞✐✣❝✐❧❡ ❞✬❛❝❝ès ❡t
❞✐s♣♦♥✐❜❧❡ ❡♥ ♣❡t✐t❡s q✉❛♥t✐tés✱ à s❛✈♦✐r ❧❡s ❡♠❜r②♦♥s ♣ré✲✐♠♣❧❛♥t❛t♦✐r❡s ✭❞✉ st❛❣❡ ③②✲
❣♦t❡ ❛✉ st❛❞❡ ❜❧❛st♦❝②st❡ ❧♦rs ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡✮ ❡t ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s✱
❛✜♥ ❞❡ séq✉❡♥❝❡r ❧❡✉r tr❛♥s❝r✐♣t♦♠❡✱ ❧❡✉r ♠ét❤②❧♦♠❡ ♠❛✐s ❛✉ss✐ ❞❡ ❝❛rt♦❣r❛♣❤✐❡r ❧❡s
❞✐✛ér❡♥t❡s ♠♦❞✐✜❝❛t✐♦♥s ❞✬❤✐st♦♥❡s q✉✐ ♣♦✉rr❛✐❡♥t ❥♦✉❡r ✉♥ rô❧❡ ❞❛♥s ❧❛ ré❣✉❧❛t✐♦♥ tr❛♥✲
s❝r✐♣t✐♦♥♥❡❧❧❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❯t✐❧✐s❡r ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ❡♠❜r②♦♥♥❛✐r❡s
✻✵
✷✳✶✳ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
♠✉r✐♥❡s ✭♠❊❙❈✮ ❡♥ ❝✉❧t✉r❡ s✉r ❧❡sq✉❡❧❧❡s ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ♣❡✉t êtr❡ ♠♦❞✉❧é ♣❛r
❞❡s ♠✐❧✐❡✉① ❞✐✛ér❡♥ts ❛ été ❧✬❛❧t❡r♥❛t✐✈❡ ❝❤♦✐s✐❡ ❛✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ét✉❞✐❡r ❧❛ ré❣✉❧❛t✐♦♥
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❧♦rs ❞✬✉♥❡ ♣❡rt❡ ♣r♦❣r❡ss✐✈❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✳
❈♦♥tr❛✐r❡♠❡♥t ❛✉① ❝❡❧❧✉❧❡s ❞✐✛ér❡♥❝✐é❡s✱ ✐❧ ét❛✐t ❛❞♠✐s q✉❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆
♥❡ ❥♦✉❡ q✉✬✉♥ rô❧❡ ♠✐♥❡✉r ❞❛♥s ❧❛ ré♣r❡ss✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❞❡s ❊❚ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s
s♦✉❝❤❡s ❡♠❜r②♦♥♥❛✐r❡s✳ ❊♥ ❡✛❡t✱ ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞✬❛❜s❡♥❝❡ t♦t❛❧❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡
❧✬❆❉◆ ♦ù ❧❡s tr♦✐s ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡s ❉♥♠t✶✱ ❉♥♠t✸❛ ❡t ❉♥♠t✸❜ ✭❝❡❧❧✉❧❡s ❞♥♠t
t❑❖✮ s♦♥t ♠✉té❡s ❞❛♥s ❞❡s ♠❊❙❈s✱ s❡✉❧❡♠❡♥t ✺ ❢❛♠✐❧❧❡s ❞✬❊❘❱s s♦♥t s✉r❡①♣r✐♠é❡s
✭❑❛r✐♠✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❝❡❧❧✉❧❡s ❊❙❈s ❞♥♠t t❑❖ ♥❡ ♠♦❞é❧✐s❡♥t ♣❛s ❧❛
❞②♥❛♠✐q✉❡ ❞✬❡✛❛❝❡♠❡♥t ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ q✉❡ ♥♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ❧♦rs
❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡ ❡t ❞❡ ❧❛ ❣❛♠ét♦❣❡♥ès❡✳ ❯♥❡ ♣♦ss✐❜✐❧✐té ❡st q✉❡ ❝❡s ❝❡❧❧✉❧❡s s❡ s♦♥t
❛❞❛♣té❡s à ❝❡t ét❛t ❤②♣♦♠ét❤②❧é✱ ❡t ♦♥t ❞é✈❡❧♦♣♣é ❞❡s ♠é❝❛♥✐s♠❡s ❛✉tr❡s ❞❡ ré♣r❡ss✐♦♥
❞❡s ❊❚✳
▲❡s ❝❡❧❧✉❧❡s ♠❊❙❈ ♣❡✉✈❡♥t ❡♥ ❢❛✐t êtr❡ ❝✉❧t✐✈é❡s ❞❛♥s ❞❡✉① t②♣❡s ❞❡ ♠✐❧✐❡✉① ❞❡ ❝✉❧✲
t✉r❡✱ q✉✐ ♥✬❛❧tèr❡♥t ❣❧♦❜❛❧❡♠❡♥t ♣❛s ❧❡✉r ♣❧✉r✐♣♦t❡♥❝❡ ♠❛✐s ♠♦❞✐✜❡♥t ❞r❛st✐q✉❡♠❡♥t ❧❡✉r
♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ❣é♥♦♠✐q✉❡✳ ▲♦rsq✉✬❡❧❧❡s s♦♥t tr❛❞✐t✐♦♥♥❡❧❧❡♠❡♥t ❝✉❧t✐✈é❡s ❞❛♥s
✉♥ ♠✐❧✐❡✉ s✉♣♣❧é♠❡♥té ❡♥ sér✉♠✱ ❧❡s ♠❊❙❈ ♣rés❡♥t❡♥t ✉♥ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ❈●
❞✬❡♥✈✐r♦♥ ✼✺✪✱ ❝❡ q✉✐ ♠♦♥tr❡ q✉✬❡❧❧❡s r❡❣❛❣♥❡♥t ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉① ❝❡❧✲
❧✉❧❡s ❞❡ ❧❛ ♠❛ss❡ ✐♥t❡r♥❡ ❞✉ ❜❧❛st♦❝②st❡ ❞♦♥t ❡❧❧❡s s♦♥t ❞ér✐✈é❡s à ❧✬♦r✐❣✐♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱
✉♥ ♠✐❧✐❡✉ ❞❡ ❝✉❧t✉r❡ q✉✐ ❝♦♥t✐❡♥t ❞❡✉① ✐♥❤✐❜✐t❡✉rs ❞❡ ❦✐♥❛s❡ ✭♠✐❧✐❡✉ ❛♣♣❡❧é ✷✐✮ ré❞✉✐t à
✷✵✲✸✵✪ ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ❈● ❞❡s ♠❊❙❈ ✭❋✐❝③ ❡t ❛❧✳✱ ✷✵✶✸❀ ❍❛❜✐❜✐ ❡t ❛❧✳✱ ✷✵✶✸❀
▲❡✐t❝❤ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❊♥ ❝♦♥❞✐t✐♦♥ ✷✐✱ ❧❡s ré❣✐♦♥s s♦✉♠✐s❡s à ❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡ ❡t ❧❡s
rétr♦✈✐r✉s ❡♥❞♦❣è♥❡s ✭❞❡ t②♣❡ ❊❘❱✶ ❡t ❊❘❱❑✮✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s é❧é♠❡♥ts ❞❡ t②♣❡
■❆P✱ é❝❤❛♣♣❡♥t ♣❛rt✐❡❧❧❡♠❡♥t à ❧❛ ❞é♠ét❤②❧❛t✐♦♥✱ ❝♦♠♠❡ ❞❛♥s ❧✬❡♠❜r②♦♥ ♣ré❝♦❝❡ ❡t ❧❛
❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ♣ré❝♦❝❡ ✭❙❡✐s❡♥❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷❀ ❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲✬❛❥♦✉t ❞❡ ✈✐t❛✲
♠✐♥❡ ❈ ♣❡✉t ❛✉ss✐ ❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❧❡ ♠ét❤②❧♦♠❡ ❞❡s ♠❊❙❈s✱ ❡♥ st✐♠✉❧❛♥t ❧✬❛❝t✐✈✐té
❞❡s ❡♥③②♠❡s ❚❊❚✶ ❡t ❚❊❚✷ ❡t ✉♥ ❡✛❛❝❡♠❡♥t ♣r♦❣r❡ss✐❢ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ✭❇❧❛s❝❤❦❡
❡t ❛❧✳✱ ✷✵✶✸✮✳ ❚♦✉t ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s é❧é♠❡♥ts ❞❡ t②♣❡ ■❆P ♠❛✐♥t✐❡♥♥❡♥t ✉♥
♥✐✈❡❛✉ ♣❧✉s é❧❡✈é ❞❡ ♠ét❤②❧❛t✐♦♥ ❝♦♠♣❛ré ❛✉ r❡st❡ ❞✉ ❣é♥♦♠❡✳
P♦✉r ♠✐♠❡r ✉♥❡ ♣❡rt❡ s♦✉❞❛✐♥❡ ❡t ♠❛ss✐✈❡ ❞❡ ♠ét❤②❧❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❛✐♥s✐ ✉t✐❧✐sé
✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ❝✉❧t✉r❡✱ ♣❛ss❛♥t ❞❡s ❝❡❧❧✉❧❡s ♠❊❙❈ ❞❡ ❝♦♥❞✐t✐♦♥s ❛✈❡❝ sér✉♠ à ✉♥❡
s✉♣♣❧é♠❡♥t❛t✐♦♥ ❞♦✉❜❧❡ ❡♥ ✷✐ ❡t ✈✐t❛♠✐♥❡ ❈ ✭✈✐t❈ ✮✱ ♣♦✉r ♦❜s❡r✈❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ré❣✉✲
❧❛t✐♦♥ ❞❡s ❊❚ ❧♦rs ❞❡ ❝❡tt❡ tr❛♥s✐t✐♦♥ ♣❛r séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ❞❡ ❧❡✉r ♠ét❤②❧❛t✐♦♥
✻✶
✷✳✷✳ ❘é❣✉❧❛t✐♦♥ ❞❡s tr❛♥s♣♦s♦♥s ❡♥ ❛❜s❡♥❝❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❛♥s ❧❡s ♠❊❙❈s
❣é♥♦♠✐q✉❡ ✭❲●❇❙✮✱ ❧❡✉r tr❛♥s❝r✐♣t✐♦♥ ✭❘◆❆✲s❡q✮ ❡t ❧❡✉r ❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ♠❛rq✉❡s
❞✬❤✐st♦♥❡s ❞❡ t②♣❡ ❍✸❑✾♠❡✸ ❡t ❍✸❑✷✼♠❡✸ ✭❈❤■P✲s❡q✮✳ ❈❡ tr❛✈❛✐❧ ❛ été ❡✛❡❝t✉é ❡♥
❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ▼❛r✐✉s ❲❛❧t❡r✱ ét✉❞✐❛♥t ❡♥ t❤ès❡ ❞❛♥s ❧❡ ❧❛❜♦r❛t♦✐r❡✱ q✉✐ ❛ ❢❛✐t t♦✉t❡
❧❛ ♣❛rt✐❡ ❡①♣ér✐♠❡♥t❛❧❡✱ t❛♥❞✐s q✉❡ ❥✬❛✐ ré❛❧✐sé ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥❛❧②s❡s ❜✐♦✐♥❢♦r♠❛t✐q✉❡s
❡t ♣❛rt✐❝✐♣é à ❧❡✉r ✐♥t❡r♣rét❛t✐♦♥✳ ▲✬❛♥❛❧②s❡ ♣❛r ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❡s
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Abstract DNA methylation is extensively remodeled during mammalian gametogenesis and
embryogenesis. Most transposons become hypomethylated, raising the question of their regulation
in the absence of DNA methylation. To reproduce a rapid and extensive demethylation, we
subjected mouse ES cells to chemically defined hypomethylating culture conditions. Surprisingly,
we observed two phases of transposon regulation. After an initial burst of de-repression, various
transposon families were efficiently re-silenced. This was accompanied by a reconfiguration of the
repressive chromatin landscape: while H3K9me3 was stable, H3K9me2 globally disappeared and
H3K27me3 accumulated at transposons. Interestingly, we observed that H3K9me3 and H3K27me3
occupy different transposon families or different territories within the same family, defining three
functional categories of adaptive chromatin responses to DNA methylation loss. Our work
highlights that H3K9me3 and, most importantly, polycomb-mediated H3K27me3 chromatin
pathways can secure the control of a large spectrum of transposons in periods of intense DNA
methylation change, ensuring longstanding genome stability.
DOI: 10.7554/eLife.11418.001
Introduction
Millions of transposable elements reside in mammalian genomes, far surpassing in number the
approximately 25000 protein-coding genes (Lander et al., 2001). Most of these elements are retro-
transposons, which utilize an RNA intermediate to duplicate and mobilize. Through their activity or
their mere presence, transposons can be both beneficial for the evolution of the host genome and
deleterious for its integrity. They can modify gene functions through insertional mutagenesis, influ-
ence gene transcriptional outputs by acting as promoters or enhancers or induce chromosomal rear-
rangements through non-allelic recombination (Goodier and Kazazian, 2008). Accordingly, erratic
transposon-related events have been linked to congenital diseases, cancer and infertility (Kaer and
Speek, 2013).
Successive waves of transposon expansion and decline have shaped mammalian genomes over
evolution, leading to a current occupancy rate of approximately half of the genomic space. Reflect-
ing their various evolutionary origin and multiplication success, resident elements are greatly diverse
in structures, numbers and functional properties, which define discrete families of transposons. Long
Terminal Repeat (LTR) sequences characterize endogenous retroviruses (ERVs, 12% of the mouse
genome), which can be further subdivided into three families (ERV1, ERVK and ERVL), according to
the infectious retroviruses they derive from (Stocking and Kozak, 2008). Non-LTR elements
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comprise Long and Short INterspersed Elements (LINEs and SINEs, 20% and 8% of the genome,
respectively), and also consist of specific sub-families (Babushok et al., 2007). The majority of trans-
posons have accumulated nullifying mutations and truncations, but around 1–2% of LINEs and ERVs
have intact sequences that embed the protein coding information necessary for their mobilization.
Notably, ERVK elements show the greatest level of activity, which causes at least 10% of spontane-
ous mutations in laboratory mice (Maksakova et al., 2006).
To minimize their impact on genome fitness, multiple layers of control antagonize transposons at
different steps of their life cycle (Zamudio and Bourc’his, 2010). Notably, restraining mechanisms
can differ between cell types. In somatic cells and in the male differentiating germline, DNA methyla-
tion is the main transcriptional suppressor of LTR and non-LTR transposons. In these contexts, trans-
posable elements are densely methylated (Rollins et al., 2006; Smith et al., 2012) and DNA
hypomethylation leads to their de-repression (Bourc’his and Bestor, 2004; Walsh et al., 1998). In
contrast, the early germline and the early embryo manage to globally control their transposon bur-
den without DNA methylation. These cells naturally undergo genome-wide loss of DNA methylation,
likely as part of the acquisition of a pluripotent, flexible state (Seisenberger et al., 2013). Moreover,
genetic studies have demonstrated that mouse embryonic stem (ES) cells can use DNA methylation-
independent mechanisms to silence transposons: knocking-out the three active DNA methyltransfer-
ases (Dnmt-tKO) does not yield significant de-repression of transposons, except Intracisternal A Par-
ticle (IAP) elements (Karimi et al., 2011b; Matsui et al., 2010)
In fact, transposon control in ES cells seems to rely primarily on post-translational histone methyl-
ation, notably at lysine 9 of histone H3 (H3K9). H3K9 dimethylation (H3K9me2), which is deposited
by the EHMT2/G9a and EHMT1/GLP lysine methyltransferases, directly and specifically represses
class L ERVs (Maksakova et al., 2013). H3K9 trimethylation (H3K9me3) can be catalyzed by the
SETDB1 (also known as ESET) or the SUV39H enzymes. The SUV39H system targets H3K9me3 at
evolutionary young LTR and non-LTR transposons, but Suv39h mutant ES cells principally up-regulate
eLife digest Transposons are sequences of DNA with the ability to mobilize and jump from one
position to another. In the human genome, the number of transposons far surpasses the number of
genes. Furthermore, while transposons have been beneficial for the evolution of the human
genome, they can also alter genes and cause cancer and genetic diseases.
The danger posed by transposons has led to numerous mechanisms to keep them under control.
In particular, a natural biochemical modification of the DNA molecule called “DNA methylation”
plays an important role in keeping transposons inactive or silent. However, during the early
development of an embryo, the DNA methylation marks are erased throughout the entire genome.
This provides an opportunity for transposons to be active, and it is not clear how the genome
manages to control transposons in the absence of this essential protective mark.
Walter et al. have now investigated this process by using a cell type that mimics the loss of DNA
methylation that occurs during embryonic development – mouse embryonic stem cells grown in the
laboratory. The experiments revealed that when DNA methylation is lost progressively, the
transposons are reactivated at first but are later put back into a silent mode by alternative
mechanisms. These mechanisms compensate for the disappearance of DNA methylation by
encouraging the DNA around transposons to become compacted, which prevents the transposons
from moving.
Further analysis revealed that the different families of transposons that exist in the mouse
genome can be classified into three groups, and in each group different proteins ensure the
transposons remain repressed in the absence of DNA methylation. Together these findings reveal
that multiple pathways cooperate to protect the genome against the activity of a variety of
transposons. Finally, in mammals, DNA methylation is naturally erased both during the formation of
sperm and egg cells and in the early embryo. As such, it will be important to verify whether the
mechanisms discovered in the laboratory-grown cells also tame transposons during these critical
developmental periods.
DOI: 10.7554/eLife.11418.002
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LINE1 elements (Bulut-Karslioglu et al., 2014). In parallel, SETDB1, together with its associated co-
repressor, the Kru¨ppel-associated box domain (KRAB)-Associated Protein 1 (TRIM28, also known as
KAP1), mainly control H3K9me3-dependent suppression of ERVK transposons- a family to which IAP
elements belong (Karimi et al., 2011b; Matsui et al., 2010; Rowe et al., 2010). TRIM28 is recruited
to specific genomic sites via direct interactions with KRAB-zinc finger proteins (Friedman et al.,
1996), which are a large family of DNA binding factors that co-evolved with ERVs (Emerson and
Thomas, 2009). Therefore, different H3K9 methylation-based mechanisms are utilized to silence dif-
ferent transposons families in ES cells. In contrast, the repressive spectrum of polycomb-mediated
H3 lysine 27 trimethylation (H3K27me3) is limited: only Murine Leukemia Virus (MuLV) elements are
reactivated upon H3K27me3 deficiency (Leeb et al., 2010).
However, the prevailing view that H3K9 methylation acts as the main transposon controller in ES
cells may be biased by two confounding factors. First, conclusions are based on analyses of chroma-
tin modifier mutants, which still harbor high DNA methylation levels. Second, proper transposon
repression in Dnmt-tKO ES cells may reflect a long-term adaptation to a DNA methylation-free state
rather than a lack of significant role of DNA methylation per se. In fact, how the ES cell genome tran-
sitions from a DNA methylation-dependent to -independent mode of transposon control has never
been investigated.
To study the dynamics of transposon regulation upon DNA methylation loss, we modulated the
ES cell methylome by using interconvertible culture systems, which do not modify pluripotency
potential. ES cells grown in standard serum-based conditions have heavily methylated genomes
(~75% of CpG methylation)(Stadler et al., 2011), which is linked to the expression of de novo DNA
methyltransferases. ES cells grown in presence of two small kinase inhibitors (2i) down-regulate these
enzymes, and have reduced DNA methylation levels (Leitch et al., 2013; Ying et al., 2008). Upon
transfer from serum to 2i medium, demethylation occurs with a slow kinetics: several weeks are
required to reach 20–30% of CpG methylation. Notably, imprinted genes, major satellite repeats
and IAP elements maintain persistent DNA methylation after 2i adaptation (Ficz et al., 2013;
Habibi et al., 2013). Addition of vitamin C (vitC) can also lower the ES cell methylome. This com-
pound promotes active demethylation by stimulating the TET (Ten Eleven Translocation) enzymes,
which oxidize 5-methylcytosines to 5-hydroxymethylcytosines that are potential intermediates
towards unmethylated cytosines (Blaschke et al., 2013).
Here, by switching ES cells directly from a serum-based to a 2i+vitC medium, we were able to
induce rapid and extensive demethylation genome-wide, mimicking a situation occurring in the early
embryo. By combining DNA methylation, chromatin and transcriptional profiling of transposons
along with genetic analyses, we found that DNA methylation represses multiple families of transpo-
sons in ES cells, but an epigenetic switch towards histone-based control is progressively imple-
mented as DNA methylation disappears. Importantly, we reveal for the first time the specific and
overlapping roles of H3K9 and H3K27 trimethylation in controlling distinct transposon families upon
DNA demethylation. These findings have important implications for understanding the molecular
underpinning of transposon control in the pluripotent cells of the early mammalian embryo.
Results
DNA methylation is rapidly and extensively lost in ES cells during serum
to 2i+vitC media conversion
Dnmt-tKO ES cells are completely devoid of DNA methylation, yet expression levels of most trans-
posable elements remain globally similar to wild-type (WT) ES cells (Karimi et al., 2011b;
Tsumura et al., 2006). This may indicate the implementation of alternative mechanisms that com-
pensate for DNA methylation-based repression. To analyze dynamic adaptation, we utilized a cul-
ture-based system that results in rapid DNA methylation loss: converting ES cells from serum-based
to 2i+vitamin C (2i+vitC) culture conditions. To overcome confounding genetic effects, we used the
J1 ES cell line, from which Dnmt-tKO mutants were originally derived.
Quantification using the methyl-CpG sensitive restriction enzyme-based LUminometric Methyla-
tion Assay (LUMA) (Karimi et al., 2011a) revealed that CpG methylation linearly decreased from
77% to 13% in six days, and reached a minimal level of 6% after 14 days of conversion (Figure 1A).
In comparison, cells grown in serum+vitC or in 2i-only maintained relatively high CpG methylation
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content after the same treatment duration, with an average of 56% and 22%, respectively (Figure 1—
figure supplement 1A), in agreement with a previous study (Habibi et al., 2013). This suggests that
such a rapid and extensive loss of genomic methylation can only be attained through the synergistic
action of 2i-dependent passive demethylation and vitC-dependent active demethylation.
To monitor the demethylation dynamics of specific genomic sequences, we performed quantita-
tive bisulfite-pyrosequencing (Figure 1B). All analyzed sequences reached very low levels of CpG
methylation upon 2+vitC switch, although at various rates. Young LINE1 transposons (L1-A and L1-T)
mirrored the dynamics of the genome average, while the CpG-rich promoter of the germline-specific
gene Dazl was a fast ’loser’, comparatively. Consistent with their intrinsic ability to maintain high lev-
els of DNA methylation in various contexts of global DNA hypomethylation (Ficz et al., 2013;
Seisenberger et al., 2013), the demethylation rate of IAP transposons and the Imprinting Control
Region (ICR) of the H19-Igf2 locus was slower than the rest of genome. Nevertheless, the combina-
tion of 2i and vitC eventually overcame chromatin environments that confer protection of these
sequences from DNA demethylation.
To determine the extent of DNA demethylation globally in 2i+vitC culture conditions, we carried
out whole-genome bisulfite sequencing (WGBS) at the conversion end-point. Quality control indi-
cated high genomic coverage, with approximately 55% of CpGs covered at least five times
(Supplementary file 1). Available methylome maps indicate that 71% and 30% of CpG sites are
methylated in serum and in 2i-only conditions, respectively (Habibi et al., 2013;
Seisenberger et al., 2012; Figure 1C, Figure 1—figure supplement 1B and Supplementary file
1); in contrast, ES cells grown in 2i+vitC were almost completely unmethylated, with an average
CpG methylation of 4.6%, which is fully consistent with the LUMA quantification (Figure 1C). Low
methylation levels were homogeneously found throughout all genomic compartments, including sin-
gle-copy genic regions and repeated sequences (Figure 1D and Figure 1—figure supplement 1C).
In particular, all transposable element families (ERVs, LINEs and SINEs) were affected by 2i+vitC-
induced demethylation (Figure 1E). In an attempt to identify individual genomic regions with signifi-
cant DNA methylation traces (Song et al., 2013), we uncovered 4,100 Residually Methylated
Regions (RMRs) (Figure 1F,G), which exhibited an average of 26% of CpG methylation after long-
term 2i+vitC conversion. These were also regions prone to high DNA methylation retention in 2i-
only conditions (65% of CpG methylation). We estimated that nearly 75% of the RMRs overlapped
with repeated sequences, among which half belonged to the ERVK class. This confirmed the specific
ability of these elements, which includes IAPs, to resist genome-wide erasure of DNA methylation.
One quarter of the repeat-associated RMRs overlapped with LINEs, however specifically localized
around 5’ UTR regions; in contrast, ERVK-associated RMRs encompassed the entire length of these
elements (Figure 1G). Notably, Imprinting Control Regions (ICRs), which are usually protected
against DNA methylation erasure in 2i conditions, were devoid of any residual DNA methylation in 2i
+vitC (Figure 1—figure supplements 1D,E).
Our analyses show that only scarce genomic regions retain DNA methylation in 2i+VitC, and even
those regions are lowly methylated when compared to other culture systems. Global CpG methyla-
tion levels, less than 5%, are unprecedented in male WT cells, both in culture and in
vivo (Seisenberger et al., 2013). This experimental system provides a valuable means to study the
dynamic adaptation of the genome to a loss of DNA methylation.
Transposons undergo a biphasic mode of regulation upon serum to 2i
+vitC conversion
Using the serum to 2i+vitC medium conversion system, we investigated how transposable elements
transcriptionally respond to an acute loss of DNA methylation. Through a time-course RT-qPCR anal-
ysis of steady-state levels of three classes of retrotranscripts (LINE1, IAPEz and MERVL), we observed
a two-phase pattern: 1) an initial up-regulation, which culminates at day 6 (D6) of 2i+vitC conversion,
when genomic methylation reaches a low plateau, then 2) re-silencing in the absence of DNA meth-
ylation (Figure 2A). This was confirmed by amplification-free Nanostring nCounter quantification
and further extended to VL30 elements (Figure 2—figure supplement 1A). To rule out background-
specific effects, we exposed serum-cultured E14 ES cells to 2i+vitC (Figure 2—figure supplement
1B). Despite some differences in the magnitude of transposon de-repression observed between the
J1 and E14 cell lines, the same biphasic pattern of regulation was reproduced. By contrast, the quan-
tity of transposon transcripts remained constant during the conversion from serum to 2i-only or from
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Figure 1. Kinetics and extent of DNA methylation loss in ES cells upon serum to 2i+vitC conversion (A) Time course of global CpG methylation loss
measured by LUMA over 14 days (D0 to D14) of conversion from serum to 2i+vitC. Data represent mean and Standard Error of the Mean (SEM)
between two biological replicates. (B) Sequence-specific CpG methylation level measured by bisulfite pyrosequencing. Data represent mean ± SEM
between two biological replicates. (C) Tukey boxplot representation of genome-wide CpG methylation content as measured by WGBS in different
culture conditions. Datasets of J1 Serum, E14 Serum and E14 2i were obtained from previous studies (Habibi et al., 2013; Seisenberger et al., 2012)
(D) CpG methylation distribution over different genomic compartments by WGBS. (E) Heatmap and hierarchical clustering of average CpG methylation
over 69 transposon families as measured by WGBS. (F) Left panel: Tukey boxplot representation of CpG methylation content in Residually Methylated
Regions (RMRs) (n = 4,100) compared to the whole genome in various culture conditions. Right panel: pie chart distribution of 2i+vitC RMRs in different
genomic compartments (left) and among repeats (right). (G) Example of WGBS profile of a genomic region containing two 2i+vitC RMRs mapping to an
Figure 1 continued on next page
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serum to serum+vitC (Figure 2—figure supplement 1A), which further underscores the synergistic
effect of 2i and vitC in releasing DNA methylation-based repression of transposons. Importantly, the
transposon transcription burst did not occur upon conversion of Dnmt-tKO cells (Figure 2—figure
supplement 1C). Rapid transition from a methylated to an unmethylated state seems to provide a
window for transposon reactivation; this is in agreement with the hypothesis that Dnmt-tKO ES cells
have likely acquired long-term compensatory mechanisms preventing this relaxation.
We further found that the burst of transposon expression also occurs at the protein level: both
LINE1-ORF1 and IAP-gag proteins presented a peak of expression at D6, which we detected by
western blotting (Figure 2B) and by quantification of immunofluorescence signals (Figure 2C and
Figure 2—figure supplement 2A,B). While IAP-gag staining was uniform among cells at a given
time point, LINE1 protein intensity showed great inter-cellular variability, ranging from intense to no
signal. Importantly, the level of LINE1 heterogeneity was present throughout the conversion process
from serum to 2i+vitC conditions, including at D6. In an attempt to link this heterogeneity with fluc-
tuating levels of pluripotency, we performed co-staining against NANOG (Figure 2—figure supple-
ment 2A). We could not detect any correlations suggesting that LINE1 heterogeneous expression is
not linked to various degrees of pluripotency. Additionally, co-staining with phosphorylated-H2AX
did not reveal a correlation between the level of transposon expression and DNA damage (data not
shown).
We wanted to rule out that the repression phase we observed was not simply a reflection of posi-
tive selection of a subset of cells that maintained transposon repression throughout the medium con-
version. We found cell proliferation to remain globally constant over the 14-day period of media
conversion, as measured by division rate (Figure 2—figure supplement 3A), transcriptional level of
different proliferation markers (Figure 2—figure supplement 3B) or percentage of histone H3 Ser-
ine 10 phosphorylation-positive cells (Figure 2—figure supplement 3C). Similarly, we did not
observe increased cell death/apoptosis at any days during the conversion (Figure 2—figure supple-
ment 3C). Finally, despite the transient release of transposon silencing at D6, we failed to detect
transposon multiplication or transposon-induced chromosome rearrangements: genomic copy num-
bers of LINE1 and IAPEz elements as well as karyotypes were globally similar between cells before
(D0) and after the transposon burst (D14) (Figure 2—figure supplement 3D,E). In sum, 2i+vitC indu-
ces a transient up-regulation of transposon transcription and translation, but cellular viability and
genome integrity remain largely intact.
Transposon silencing release occurs at the familial and individual level
To gain a qualitative and quantitative view of the transcriptional dynamics of transposons upon acute
loss of DNA methylation, we performed paired-end RNA-seq at D0, D6 and D13 of serum to 2i+vitC
conversion, in biological replicates. Typically, to map transposons, the choice is either to allow multi-
ple hits at the expense of specificity, or to consider unique reads only and lose substantial informa-
tion. Here, we combined the two methods, in order to provide in-depth characterization of the
dynamics of transposon regulation at the familial level, while bringing insights into intra-familial het-
erogeneity. We further improved transposon mapping by correcting the RepeatMasker annotation
(Figure 2—figure supplement 4A), which tends to overestimate the number of transposon entities
by counting a unique element as several individual fragments. This is systematic for ERVs, which are
split into internal and LTR sequences, but can also concern any type of transposons with small inter-
nal deletions or insertions. Using bioinformatic resources allowing the assembly of different frag-
ments of an element (Bailly-Bechet et al., 2014), our reconstructed version gave a census of
588,739 LINEs and 497,706 ERVs, while the original annotation roughly doubles these numbers, with
989,411 LINEs and 969,096 ERVs. Finally, we assigned an integrity score to each element (1 being
Figure 1 continued
IAPEY and a L1 elements. Bars represent the methylation percentage of individual CpG sites, between 0 (unmethylated) and 100% (fully methylated).
Location of LINE and LTR transposons (RepeatMasker) are displayed below; the RMRs are highlighted in red.
DOI: 10.7554/eLife.11418.003
The following figure supplement is available for figure 1:
Figure supplement 1. DNA methylation is almost completely erased in 2i+vitC medium.
DOI: 10.7554/eLife.11418.004
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Figure 2. Two phases of transposon regulation upon serum to 2i+vitc conversion. (A) Dynamic expression of LINE1, IAPEz and MERVL families upon
conversion from serum to 2i+vitC as measured by RT-qPCR. Values were normalized to Gapdh and Rplp0 and are expressed as the fold change to D0.
Data represent mean ± SEM from five biological replicates. *p<0.05, **p<0.01 and ***p<0.001 (Student’s t-test). (B) Evolution of LINE1-ORF1 protein
levels at different time points during medium conversion. (C) Distribution of LINE1-ORF1 and IAP-gag protein levels after ImageJ quantification of
immunofluorescence intensity in individual cells. Between 1000 and 5000 cells were analyzed per sample. ***p<0.001 (Wilcoxon rank-sum test) (D)
Volcano plot representation of up- and down-regulated transposons as measured by RNA-seq between D0 and D6 (left), D6 and D13 (middle), and D0
and D13 (right). Red dots indicate significantly misregulated repeats between two conditions (fold change >2 and p-value<0.05). RNA-seq mapping
allowed multiple hits onto the genome. (E) Heatmap representation and hierarchical clustering of expression changes for 69 transposon families at D0,
D6 and D13. Bold names: transposons of specific interest; grey names: transposons that are not significantly up- or down-regulated between any time
points. Colors represent on a log2-scale the differential expression between a given time point and the average of the three time points. (F) Expression
Figure 2 continued on next page
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the maximum), taking into account deletions, insertions and the divergence rate from the consensus
sequence. Using a cutoff of 0.8, we predicted a number of 37,194 relatively intact LINEs (6.3% of
total LINE elements) and 15,604 ERVs (3.1%) in the mouse reference genome.
Quality control of our RNA-seq datasets indicated high genomic coverage (Supplementary file
1) and consistency between replicates (Figure 2—figure supplement 4B). Notably, by excluding
transposon-derived reads mapping to RefSeq exons, only autonomously transcribed transposons
were considered for this analysis. By allowing multiple hits and by weighting each read by its hit
number, a total of 58 transposon families were found differentially expressed between at least two
of the time points of medium conversion (Figure 2D,E). Volcano plots show that almost all families
underwent significant up-regulation from D0 to D6 (Figure 2D, left panel), ranging from modest
(LINEs) to robust (MMERGLN) fold changes. Silencing restoration also occurred globally between D6
and D13, except for IAPEy or B1 elements, which remained at constant levels (Figure 2D, middle
panel). Comparison of transposon expression levels between the two end-points (D0 and D13) indi-
cated skewing in both directions (Figure 2D, right panel). Some families, such as MERVL, SINEs B2
or any LINE1 types, were more strongly repressed after the 2i+vitC conversion at D13 than initially
at D0 in serum. Others, like MMERGLN, ETnERV3 and IAPEz, underwent repression from D6 to D13,
but not to the full extent when compared to D0. As a general rule, these data show that non-LTR
(LINEs and SINEs) and LTR elements belonging to the K, L and 1 classes—albeit very different in
terms of evolutionary origins and genomic structures—adopt common fates upon acute loss of DNA
methylation.
To examine whether the burst of transcription observed from bulk RNA profiling emanated from
a few discrete elements or reflected a general trend within each family, we measured the transcrip-
tional output of individual transposon copies by allowing unique read mapping only. We found that
7163 uniquely identifiable LINEs and 2372 ERVs showed activity throughout the conversion, which
represented 1.2% and 3.8% of the total number of LINE1s and ERVs, respectively, or 19.3% and
15.2% of the intact elements of these families (integrity score >0.8). Importantly, these numbers are
likely underestimated because active but identical copies cannot be discriminated, and are discarded
from the analysis. Within all families, the number of significantly expressed elements was higher at
D6 than at D0 or D13 of conversion (Supplementary file 2A and Figure 2—figure supplement 4C).
Generally, not only were more elements active, but individual copies also gained expression at D6
(Figure 2F and Figure 2—figure supplement 4D,E). Finally, active transposons were evenly distrib-
uted along chromosomes, with no particular genomic hotspot (Figure 2—figure supplement 4F).
As a whole, the unique mapping analysis confirmed the class-specific features previously inferred
from the familial analysis, regarding the degree of activation at D6 (from modest for LINEs to intense
for MMERGLN) and silencing restoration at D13 (strong for LINEs, intermediate for MMERGLN and
nonexistent for IAPEy). Most importantly, it uncovered unprecedented details into the diverse regu-
lation of individual transposons. Expression levels were the most homogeneous among elements of
the same family during the D6 de-repression phase. Comparatively, at the D13 silencing restoration
time-point, we observed heterogenic regulation at the inter- and intra-familial levels (Figure 2F and
Figure 2—figure supplement 4D). Some families, such as LINEs and MMERGLN, displayed
Figure 2 continued
of individual elements from different transposon families at D0, D6 and D13 in Count per Millions (CPM). Each dot represents a single element. RNA-
seq mapping allowed only unique hits in the reference genome; only elements with a minimum of 10 reads in at least one of the sample were
conserved. The black bar represents the median of the distribution. Analyzed numbers of distinct transposon copies per family appear into brackets.
DOI: 10.7554/eLife.11418.005
The following figure supplements are available for figure 2:
Figure supplement 1. Two phases of transposon regulation correlate with rapid DNA methylation loss.
DOI: 10.7554/eLife.11418.006
Figure supplement 2. Cellular heterogeneity of transposon expression.
DOI: 10.7554/eLife.11418.007
Figure supplement 3. Cell proliferation, cell death, and genome integrity.
DOI: 10.7554/eLife.11418.008
Figure supplement 4. Genome-wide characterization of transposon relaxation.
DOI: 10.7554/eLife.11418.009
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collective behaviors, with the vast majority of elements simultaneously undergoing repression. In
contrast, IAPEz, MERVL or ETn elements showed the widest distribution in individual expression. In
particular, IAPEz elements were split into two categories at D13, one that maintained high expres-
sion, and the other that underwent complete silencing.
Globally, our analysis reveals that transposons undergo a transient relaxation of silencing upon
DNA methylation loss followed by an expression reduction phase. However, family- and element-
specific behaviors provide nuance to this general trend. It should be stressed here that a certain
degree of heterogeneity is frequently inaccessible for young and highly conserved families of trans-
posons, such as IAPEz and MMERVK10C, for which mapping reads to precise genomic locations is
ambiguous, if not impossible.
Silencing release is specific to transposons
Compared to transposons, protein-coding genes followed different dynamics during 2i+vitC conver-
sion (Figure 3A and Figure 3—figure supplement 1A). The vast majority exhibited stable expres-
sion, while 3,301 genes were either up- or down-regulated; these numbers are similar to previous
reports of a serum to 2i transcriptional switch (Marks et al., 2012). While the general expression
trend for transposons was biphasic, most differentially expressed genes displayed a monotonic pat-
tern. A relevant example is the Dazl gene, which was continuously up-regulated from D0 to D13
(Figure 3B), reflecting its sensitivity to vitC (Blaschke et al., 2013). Conversely, expression of genes
encoding transcription factors of the ZSCAN4 family progressively decreased during the conversion,
with undetectable transcripts by D13 (Figure 3B). As expression of these factors reflects a subpopu-
lation of ES cells exhibiting a transcriptional profile akin to 2-cell stage embryos (Macfarlan et al.,
2012), our results imply that 2-cell-like cells exist in serum-based conditions but disappear in 2i+vitC
medium.
The burst of expression at D6 appears specific to transposons, and is not a general trend of the
genome. Nevertheless, 156 genes adopted a transposon-type pattern, with a peak at D6 followed
by subsequent down-regulation at D13 (Figure 3A and Supplementary file 1). These genes were
linked to ontology categories such as organismal development and were significantly enriched for
transcription factors, most notably those related to pluripotency (Supplementary file 2B). Further
examination indicated that transcription of Nanog, Klf4, Tbx3 and Prmd14 peaked at D6
(Figure 3C); enhanced production of pluripotency-related proteins was also observed by western
blot within the first few days of 2i+vitC conversion (Figure 3D). Therefore, the peak of transposon
transcription at D6 coincides with a maximum availability of pluripotency regulators.
It was previously shown that LTR sequences of ERVs can direct transcription of nearby genes in
ES cells and early embryos, forming chimeric transcripts (Karimi et al., 2011b; Macfarlan et al.,
2012). We detected several dozens of genes that used a promoter located in a transposable ele-
ment (ERV or LINE1), independently of the medium composition (Supplementary file 2C). A particu-
lar case was Mep1b, which clusters with the 156 ’transposon-like’ genes. This gene was induced ten-
fold at D6, concomitant with the activation of the RLTR9E element driving its expression, before
returning to its initial level at D13 (Figure 3E). Several 2-cell-specific genes have been shown to initi-
ate from class L LTRs (Macfarlan et al., 2011); some of them, like Ubftl1, were indeed specifically
overexpressed at D6; in contrast, Zscan4d expression was uncoupled from the expression of the
adjacent full-length MERVL element in our system (Figure 3—figure supplement 1B,C). Although
the burst of transposon expression at D6 can sporadically coordinate the transient activation of adja-
cent genes, it can be concluded that the genome-wide relaxation of transposons had generally a
minimal effect on protein-coding gene expression.
Reconfiguration of the repressive chromatin landscape upon 2i+vitC
conversion
To gain insight into the basis for transposon regulatory dynamics, we examined the chromatin state
of cells undergoing serum to 2i+vitC conversion. By western blot and immunostaining, we observed
large-scale reorganization of histone modifications linked to transcriptional repression. While
H3K9me3 marks remained globally constant, H3K9me2 levels were strongly reduced and, inversely,
H3K27me3 levels increased from the first days of conversion (Figure 4A and Figure 4—figure sup-
plement 1A). The global dynamics of histone marks were not correlated with the changes in the
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availability—or lack thereof—of H3K9me2 modifiers and components of the polycomb machinery
(Figure 4—figure supplement 1B).
ChIP-qPCR measurement confirmed either the constitutive absence or the rapid removal of
H3K9me2 at several transposon types upon 2i+vitC conversion (Figure 4B), making it unlikely that
this mark could participate to long-term transposon silencing in the absence of DNA methylation. To
functionally exclude this possibility, we examined ES cells lacking the EHMT2 H3K9 dimethyltransfer-
ase (Tachibana et al., 2002 and Figure 4—figure supplement 1C). As previously described, when
cultured in serum, Ehmt2-KO ES cells did not exhibit significant up-regulation of transposons as
measured by Nanostring, with the exception of MERVL elements (Macfarlan et al., 2012;
Maksakova et al., 2013). Upon 2i+vitC conversion, while LINE1 elements behaved as in WT cells,
IAPEz and MERVL expression was enhanced around D6 in Ehmt2-KO cells (Figure 4—figure
Figure 3. Gene expression analysis upon serum to 2i+vitC conversion. (A) Heatmap representation of genes (n = 3301) that are significantly
misregulated between at least two time points of D0, D6 and D13 during medium conversion. Color codes as in Figure 2E. The arrow highlights a
subset of genes whose expression transiently peaks at D6. (B) Monotonic expression patterns of Dazl and Zscan4 family genes as measured by RNA-seq
at D0, D6 and D13, expressed in RPKM (read per kb per millions). Mean ± SEM between two biological replicates. (C) Dynamic expression of
pluripotency transcription factor genes as measured by RNA-seq. Data is expressed as fold change to D0 and represent mean ± SEM between two
biological replicates. (D) Expression of core pluripotency transcription factors by western blot. (E) RNA-seq track showing a chimeric transcript between
a RLTR9E transposon element and the Mep1b gene specifically expressed at D6. Data represent normalized read density.
DOI: 10.7554/eLife.11418.010
The following figure supplement is available for figure 3:
Figure supplement 1. Gene expression analysis upon serum to 2i+vitC conversion.
DOI: 10.7554/eLife.11418.011
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supplement 1C). As H3K9me2 cannot be detected after D3 at these sequences (Figure 4B), this rel-
ative up-regulation likely occurs through indirect effects. Most importantly, Ehmt2 mutants exhibited
transposon re-silencing after D6, which excludes a role for H3K9me2 in compensating the loss of
DNA methylation-dependent repression.
We then focused our analysis on the distribution of H3K9me3 and H3K27me3 marks by chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq) in biological replicates at D0, D6 and
D15 of conversion, allowing multiple mapping with random allocation (Supplementary file 1 and
Figure 4—figure supplement 2A). Neither the total number of H3K9me3 peaks (39424 at D0 and
38554 at D15), nor their preferential occurrence on transposons was significantly altered during the
conversion (Figure 4C). In contrast, the number of H3K27me3-enriched regions raised four fold from
D0 to D15 (9663 to 40098). The vast majority of newly gained H3K27me3 peaks were located in ERV
and LINE1 repeats, at the expense of gene promoters (Figure 4C). We also observed a gradual
H3K27me3 re-localization to pericentric heterochromatin during the conversion, by ChIP-qPCR at
major satellite repeats (Figure 4D), by immunostaining (Figure 4—figure supplement 1A) and by
mapping ChIP-seq reads to the major satellite consensus sequence (Figure 4—figure supplement
2B). Redistribution of H3K27me3 from gene promoters towards satellite repeats was previously
reported in 2i-only conditions (Marks et al., 2012). However, increased H3K27me3 levels and subse-
quent accumulation at different transposon repeats seems specific to the globally hypomethylated
genome of 2i+vitC-cultured cells. Accordingly, hypomethylated Dnmt-tKO ES cells grown in serum
displayed similar H3K27me3 redistribution towards transposons when we analyzed available ChIP-
seq data (Figure 4—figure supplement 2C).
In agreement with the high expression of these elements, the 5’ UTR of LINEs (L1-A and L1-T)
and the LTR of IAPEz were enriched in H3K4me3, as assessed by ChIP-qPCR (Figure 4—figure sup-
plement 2D). Interestingly, bisulfite-pyrosequencing analysis of H3K4me3- or H3K9me3-immunopre-
cipitated chromatin confirmed, as expected, that active LINE1 elements (marked by H3K4me3) had
lower DNA methylation levels compared to inactive ones (marked by H3K9me3)(Figure 4—figure
supplement 2E). This provides an additional documentation of the intra-familial heterogeneity of
LINE1 elements at D6.
Relative H3K9me3 and H3K27me3 enrichments define three categories
of transposons
We next measured relative H3K9me3 and H3K27me3 levels over different transposon families, focus-
ing our analysis on elements that were scored as intact. At D0 in serum, most transposon families
were occupied by H3K9me3 to various extents, but lacked H3K27me3 (Figure 4E). One noticeable
exception was RLTR4, which exhibited a strong H3K27me3 signal (Figure 4—figure supplement
3A). Interestingly, this element is 90% identical to MuLV, which is one of the few transposons up-reg-
ulated in polycomb-deficient ES cells (Leeb et al., 2010). Upon 2i+vitC conversion, H3K9me3 levels
remained largely constant, although patterns observed in serum tended to be exacerbated: families
with the initial highest enrichment (IAPEz, RLTR6 and MMERVK10C) were further enriched for this
mark, while families with modest enrichment (MERVL, MURVY or the MalR-class L ORR1A and
ORR1B) tended to lose it. Meanwhile, H3K27me3 progressively accumulated at most transposons
(Figure 4E), and this gain was variable among families: from inexistent for IAPEz to moderate for
LINEs and VL30, and to strong for various ERVs.
Of note, when focusing on ERV elements, high levels of H3K9 or H3K27 methylation were found
to be restricted to full-length intact elements: isolated solitary (solo) LTRs (not interspersed with
other repeats) had most often no enrichment for H3K9 or H3K27 methylation (Figure 4—figure sup-
plement 3C). This suggests that internal ERV sequences are important for H3K9me3 and H3K27me3
recruitment. IAP elements were an exception, as their solo-LTRs were enriched for H3K9me3 on their
own.
Remarkably, different kinetics were observed for H3K9me3- and H3K27me3-related changes:
H3K9me3 levels were rapidly modified between D0 and D6, while H3K27m3 gain lagged behind,
reaching its full extent between D6 and D15. Although the whole picture is quite complex, it can be
concluded that medium-induced DNA methylation profoundly remodels the repressive chromatin
landscape of transposons. From a universal H3K9me3 occupancy in serum, transposon families
exhibited three general trends in 2i+vitC: A) co-occupancy of H3K9me3 and H3K27me3 (LINEs,
MMERGLN, RLTR6, RLTR10, IAPEy, VL30), B) exclusive H3K9me3 occupation (IAPEz, MMERVK10C),
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Figure 4. Repressive chromatin reorganization upon loss of DNA methylation. (A) Western blot analysis of global levels of repressive histone
modifications during the course of serum to 2i+vitC conversion. (B) H3K9me2 enrichment levels at three transposon families as measured by ChIP-
qPCR. Quantitative data are expressed as the percentage of ChIP over Input. Data represents mean ± SEM of two biological replicates. (C) Genomic
annotation of ChIP-seq peaks. Data represent the number of annotated peaks. H3K9me3 data are representative of two biological replicates, while
H3K27me3 data represent only one, as peak calling could not be performed successfully on the second replicate. (D) H3K27me3 enrichment at major
satellite repeats as measured by ChIP-qPCR. Data are represented as in 4B. (E) Heatmap and hierarchical clustering of average H3K9me3 and
H3K27me3 levels in 69 transposons families at D0, D6 and D15. Colors represent the average read count for an element in a given family, relative to
input (average between two biological replicates). Only intact (score>0.8) elements were considered. (F) Representative genomic region depicting
evolution of H3K9me3 (green) and H3K27me3 (red) at L1-A (category A), IAPEz (category B) and MERVL (category C) transposons. Data represent
normalized read density.
DOI: 10.7554/eLife.11418.012
Figure 4 continued on next page
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and C) complete switch from H3K9me2/3 to H3K27me3-regulated chromatin (MERVL and MURVY)
(Figure 4E,F and Figure 4—figure supplement 3B). Our analysis therefore provides a classification
of the different transposon families into three main categories (A, B, and C), according to the chro-
matin signature they adopt upon DNA methylation loss.
To assess the behavior of individual elements among these three generic patterns, we attempted
to analyze unique mappers, but the coverage on individual transposons was too low to extract reli-
able information. Nevertheless, to gain insight into the question of intra-familial heterogeneity, we
plotted H3K9me3 and H3K27me3 enrichment for every intact transposons (score>0.8) per family
during the conversion. We found that elements of the B and C categories tended to be very homo-
geneous. IAPEz elements (category B) collectively gained H3K9me3 from D0 to D6; the MERVL and
the Y-specific MURVY families (category C) also showed compact patterns, with individual elements
transitioning together from H3K9me3 enrichment at D0 to H3K27me3 at D15 (Figure 5A and Fig-
ure 5—figure supplement 1C). The A category, which is enriched for both H3K9me3 and
H3K27me3, was more diverse, with some families displaying homogeneous patterns, while others
showed intra-familial dispersion in chromatin fates upon conversion. Within the MMERGLN, RLTR6
or RLTR10 families, all elements gained H3K27me3 while maintaining or gaining high levels of
H3K9me3. Within the L1-T and IAPEy families, the majority of elements gained H3K27me3, but a
subset maintained H3K9me3 without acquiring H3K27me3 (Figure 5A and Figure 5—figure supple-
ment 1A). Another case of intra-familial heterogeneity is provided by RLTR4, which specifically car-
ries H3K27me3 marks at D0 in serum: we demonstrate here that this enrichment was restricted to a
small proportion of elements, as was previously suspected (Reichmann et al., 2012 and Figure 5—
figure supplement 1D). By extracting single-element information from RNA-seq and ChIP-seq data,
it is clear that both transcriptional and chromatin heterogeneity exists among some transposon fami-
lies. Our analysis reveals that caution should be taken when interpreting average familial behaviors,
as they may be representative of only a few individual elements inside a given family.
H3K27me3 occupies DNA methylation- and H3K9me3-free territories
of transposon sequences
H3K27me3 and H3K9me3 marks usually do not occur concomitantly (Mikkelsen et al., 2007). We
were therefore intrigued to observe that H3K27me3 and H3K9me3 were simultaneously enriched at
transposon families of the A category in 2i+vitC medium (Figure 4E and Figure 5A). To map the rel-
ative position of H3K9me3 and H3K27me3, we determined their average profile over full-length indi-
vidual elements of all transposon families, including their immediate genomic vicinity (+/- 5 kb from
the center of each element). Notably, H3K9me3 domains often spread out on adjacent genomic
regions, whereas H3K27me3 was confined to transposon sequences (Figure 5B,C and Figure 5—fig-
ure supplement 2A). It was previously described that H3K9me3 enrichment is restricted to the 5’
UTR of LINEs, while being evenly distributed along the entire length of ERVs (Bulut-
Karslioglu et al., 2014; Pezic et al., 2014). In fact, we found this to be valid for specific ERVK ele-
ments only, namely IAPEz, IAPEy and MMERKV10C.
Our most striking finding was the observation of a spatial separation between the two marks in
category A transposons: H3K9me3 tended to occupy the 5’ end, while H3K27me3 preferentially tar-
geted the 3’ end. This was observed for a significant proportion of LINEs and for several ERVs of the
1 or K classes (MMERGLN, RLTR6, MuRRS, RLTR10) (Figure 5C for visual examples). However, some
category A families showed H3K9me3 and H3K27me3 co-localization in their 5’ region (VL30, IAPEy,
ETnERV). Notably, these transposon families harbor the greatest individual chromatin heterogeneity
Figure 4 continued
The following figure supplements are available for figure 4:
Figure supplement 1. Repressive chromatin reorganization during conversion from serum to 2i+vitC.
DOI: 10.7554/eLife.11418.013
Figure supplement 2. Repressive chromatin reorganization during conversion from serum to 2i+vitC.
DOI: 10.7554/eLife.11418.014
Figure supplement 3. Screenshots of repressive chromatin reorganization at transposons.
DOI: 10.7554/eLife.11418.015
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Figure 5. H3K9me3 and H3K27me3 mark the same transposons but do not spatially overlap. (A) Normalized H3K9me3 and H3K27me3 enrichment over
input at individual elements from different transposon families. Each dot represents a single element at D0 (blue), D6 (green) and D15 (red). Only intact
(integrity score>0.8) elements were considered. Data represent the average between two biological replicates. Analyzed numbers of distinct transposon
copies per family appear into brackets. (B) Composite profile showing H3K9me3 (green) and H3K27me3 (red) coverage along different transposon
sequences at D0, D6 and D15 of medium conversion. (C) Representative genomic regions comprising LINE1 and ERV repeats that gain H3K27me3 in
their 3’ end during the conversion, while maintaining H3K9me3 in the 5’ end. Data represent normalized read density.
DOI: 10.7554/eLife.11418.016
The following figure supplements are available for figure 5:
Figure supplement 1. Intra-familial heterogeneity of H3K9me3 and H3K27me3 in transposons.
DOI: 10.7554/eLife.11418.017
Figure supplement 2. H3K9me3 and H3K27me3 mark transposon sequences but do not spatially overlap.
DOI: 10.7554/eLife.11418.018
Walter et al. eLife 2016;5:e11418. DOI: 10.7554/eLife.11418 14 of 30
Research article Developmental biology and stem cells Genes and chromosomes
upon conversion (Figure 5—figure supplement 1A): we presume that the metaplot figures likely
represent an average among different individual elements and/or different cell populations.
Having demonstrated that culture-induced DNA demethylation leads to increased and family-spe-
cific distribution of H3K27me3 on transposon sequences, we reasoned that similar features might
occur upon genetically induced DNA demethylation. Fulfilling this prediction, analysis of available
ChIP-seq datasets (Brinkman et al., 2012) showed concordant H3K27me3 patterns between serum-
grown Dnmt-tKO ES cells and 2i+vitC-grown ES cells: entire coverage of MERVL sequences, 3’ local-
ization in MMERGLN and RLTR6, and 5’ localization in VL30 and ETnERV (Figure 5—figure supple-
ment 2B). These results support the notion that the pattern of H3K27me3 distribution on
transposon sequences corresponds to an adaptation to the lack of DNA methylation.
In summary, upon 2i+vitC-induced DNA demethylation, H3K27me3 and H3K9me3 can converge
on category A transposon sequences, but they occupy different territories. IAPEz (category B) and
MERVL (C) represent extreme cases of exclusivity, with the former being entirely covered by
H3K9me3, and the latter by H3K27me3. Our study provides unprecedented evidence that
H3K27me3 deposition at transposons is a default response to the absence of both DNA and H3K9
methylation.
Chromatin silencing pathways play diverse roles at transposons
Our analysis reveals that H3K9me3 and H3K27me3 jointly or separately decorate transposon sequen-
ces upon DNA methylation loss. Through genetic analyses, we aimed to discern the functional rele-
vance of these marks in controlling the three categories of transposons that we defined. Regarding
H3K9me3-dependent pathways, we used CRISPR/Cas9 editing to generate a double-knockout ES
cell line for the H3K9 trimethyltransferases, SUV39H1 and SUV39H2 (Suv39h-dKO). Additionally we
created haploinsufficient mutants for H3K9 trimethyltransferase SETDB1 (Setdb1 +/-) and its TRIM28
co-repressor (Trim28 +/-) (Figure 6—figure supplement 1A,B); complete SETDB1 or TRIM28
removal is not compatible with ES cell survival (Dodge et al., 2004; Rowe et al., 2010). The role of
H3K27me3 was studied in mutant ES cells for the EED protein (Eed-KO, Schoeftner et al., 2006),
which is required for H3K27me3 catalysis by the Polycomb Repressive Complex 2 (PRC2)
(Margueron and Reinberg, 2011). Eed-KO ES cells experienced massive cell death around D8 of
conversion, but slowly recovered in the following days (data not shown). Finally, in order to study
compensatory mechanisms between H3K9 and H3K27 pathways, we deleted EED in Suv39h-dKO ES
cells, generating Suv39-Eed triple-knockout lines (Suv39h-Eed-tKO) (Figure 6—figure supplement
1C). Suv39-Eed-tKO ES cells were viable with a reduced proliferation rate when grown in serum, but
did not survive more than a week when converted to 2i+vitC (data not shown). Nanostring quantifi-
cation of transposon transcripts was performed upon serum to 2i+vitC transfer of these five cell
lines, which, importantly, share the same J1 cell background.
As representatives of transposon A category, young LINE1 elements maintain H3K9me3 while
gaining H3K27me3 during medium conversion. Previous studies concluded that L1 repression in
serum relies on SUV39H-dependent H3K9me3 (Bulut-Karslioglu et al., 2014): through the analysis
of our genetic mutants, we found this was the case for L1-A, and very modestly for L1-T elements
(Figure 6A and Figure 6—figure supplement 2A). Moreover, LINE1 expression was significantly
upregulated at the end of the conversion of Setdb1 +/- ES cells, suggesting an important role for
SETDB1-mediated repression upon DNA methylation loss. In regards to the role of polycomb, RNA-
seq analysis of Eed-KO ES cells revealed that absence of polycomb had little effect on transposons
in ES cells with a methylated genome (at D0 of conversion). In contrast, many transposon families,
including the different young LINE1 subtypes that belong to the A category, were strongly activated
in fully 2i+vitC-converted Eed-KO cells (Figure 7A,B and Figure 7—figure supplement 1): poly-
comb-mediated silencing is therefore involved in controlling these transposons, specifically in
absence of DNA methylation. Interestingly, ERV families that gain H3K27me3 uniquely in their 3’ end
– such as MMERGLN, RLTR6 or RLTR10 – were not misregulated in absence of EED; this suggests
that 3’ end deposition of H3K27me3 does not drive their transcriptional repression.
The category B of transposons is exemplified by IAPEz elements, which harbor exclusive
H3K9me3 enrichment in all culture conditions. Although this profile would predict a continuous and
exclusive dependence towards H3K9me3 upon medium adaptation, we observed complex behaviors
in the different mutants (Figure 6B). During conversion, Trim28+/- and Setdb1+/- cells showed
enhanced IAPEz up-regulation and repression failure after D6, in line with a major role of SETDB1-
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related H3K9me3 for controlling these elements in ES cells (Matsui et al., 2010). However, SUV39H
depletion led to an unexpected IAPEz suppression upon conversion. One possible explanation is
that Suv39h-dKO cells have acquired long-term compensatory mechanisms that prevent transient
IAPEz activation upon DNA methylation loss. Moreover, IAPEz elements were more strongly
expressed in Eed-KO compared to WT cells during conversion (Figures 6B and Figure 7A,B), which
is at odds with their apparent lack of H3K27me3 enrichment in ChIP-seq data (Figures 4E,F). Analy-
sis of individual elements showed that this activation did not emanate from a few discrete elements
but represented a general trend (Figures 7C). These results could be due to indirect effects of the
Eed deficiency.
Finally, the H3K9me2/3- to H3K27me3-chromatin transition undergone by category C elements
was very clearly illustrated in chromatin modifier mutants (Figure 6C). MERVL elements are known
to be primarily repressed by EHMT1/EHMT2-dependent H3K9me2 marks in serum
(Maksakova et al., 2013). We found that MERVL silencing also strongly relied on SUV39H-control in
serum (Figure 6C), which correlates with a modest H3K9me3 enrichment in our ChIP-seq data.
SUV39H-dependent H3K9me3 became dispensable for MERVL silencing upon 2i+vitC conversion,
and the switch towards H3K27me3 control was perfectly correlated with a 15-fold expression
increase in Eed-KO cells (Figure 6C). RNA-seq analysis indicates that MERVL was actually the most
highly activated transposon in absence of EED, as a result of a collective upregulation of all individ-
ual elements (Figure 7A–C). MERVL therefore represents a striking model of epigenetic switch from
H3K9 to H3K27 methylation-based repression, which occurs subsequently to DNA methylation loss.
Interestingly, we found that polycomb-dependent control can be implemented in absence of
SUV39H, even in cells with high DNA methylation levels: while MERVL elements were upregulated
by five-fold in Suv39h-dKO cells in serum grown-conditions, additional depletion of EED in Suv39-
Eed-tKO cells led to a 20 fold increase compared to WT cells (Figure 6C).
Finally, MERVL silencing was previously shown to rely on other histone modifiers, such as histone
deacetylases (HDACs) (Macfarlan et al., 2011). Treatment with the HDAC inhibitor Trichostatin A
(TSA) resulted in strong upregulation of MERVL in both serum and 2i+vitC conditions (Figure 6—fig-
ure supplement 2B), suggesting that histone deacetylation is required for efficient silencing of
MERVL, in presence or absence of DNA methylation.
Discussion
Our study provides unprecedented insight into the dynamic adaptation of the pluripotent genome
to a loss of DNA methylation-based control of transposons. This was achieved through detailed
kinetic assessment of transcription and chromatin states during conversion of WT ES cells from
serum to 2i+vitC media, as a way to reproduce the DNA methylation erasure that occurs during
embryogenesis. Despite their heterogeneous origins and structures, we found that various transpo-
son families residing in the mouse genome adopted a common regulatory fate: after an initial tran-
scriptional burst, repression was re-established in a DNA methylation-independent manner. Distinct
combinations of H3K9me2/3 and H3K27me3 were observed among transposon families, defining
three functional categories of chromatin-based responses to DNA methylation loss: joint H3K9me3
and H3K27m3 (A), H3K9me3-exclusive (B), and H3K27me3-exclusive (C) (Figure 8). Importantly,
Dnmt-tKO cells, which have endured long-term adaptation to a DNA methylation-free state, dis-
played similar transposon-specific chromatin patterns when grown in serum, which excludes a
medium-related effect. In conclusion, our work revises the previous assumption that DNA methyla-
tion is dispensable for transposon silencing in ES cells; rather, we reveal here that various histone-
based repression strategies are implemented upon DNA methylation loss, thereby safeguarding plu-
ripotent cells against a multitude of heterogeneous transposon entities.
Upon 2i+vitC-mediated DNA methylation loss, the repertoire of repressive histone marks is pro-
foundly remodeled (Figure 8A): H3K9me2 enrichment decreases, while H3K27me3 is enhanced and
H3K9me3 levels are globally constant. Interestingly, repressive chromatin reorganization has also
been cytologically observed in primordial germ cells (PGCs) undergoing genome-wide demethyla-
tion (Hajkova et al., 2008; Seki et al., 2007). Moreover, the relocalization of H3K27me3 at transpo-
sons and its co-occurrence with H3K9me3 was also reported in hypomethylated PGCs (Liu et al.,
2014). Our cellular system could therefore represent an adequate model to study in vivo events of
chromatin reprogramming occurring at transposons upon DNA methylation loss.
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Figure 6. Complex regulation of transposons by SUV39H, TRIM28, SETDB1 and EED upon loss of DNA methylation. Expression levels in Suv39h-dKO,
Trim28+/-, Setdb1+/-, Eed-KO, Suv39h-Eed-tKO and WT J1 ES cells for: (A) LINE1 (category A) (B) IAPEz (category B) (C) MERVL (category C)
Expression levels were measured by Nanostring nCounter. Data are expressed as fold changes to WT D0 and represent mean ± SEM between two
(Trim28 and Setdb1), three (Suv39h and Suv39h-Eed-tKO), four (Eed-KO) and eight (J1) biological replicates. *p<0.05, **p<0.01 and ***p<0.001
(unequal variances t-test between WT and mutants at a given day).
DOI: 10.7554/eLife.11418.019
The following figure supplements are available for figure 6:
Figure supplement 1. Caracterization of genetic mutants.
DOI: 10.7554/eLife.11418.020
Figure supplement 2. Regulation of transposons by HDACs
DOI: 10.7554/eLife.11418.021
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The persistence of H3K9me3 upon loss of DNA methylation highlights that DNA methylation
does not exert significant control over H3K9me3-targeting of transposons in ES cells. Interestingly,
we consistently observed that regions of persistent DNA methylation (RMRs) coincide with high
H3K9me3 enrichment on transposon sequences in fully 2i+vitC-converted cells, e.g. on the 5’ end of
LINE1 elements and throughout the length of ERVK elements. This supports previous evidence that
H3K9me3 can confer protection against DNA demethylation (Leung et al., 2014). Inversely, the
Figure 7. Polycomb regulates transposons in absence of DNA methylation. (A) Volcano plot representation of up- and down-regulated transposons as
measured by RNA-seq between WT and Eed-KO cells at D0 (left) and D13 of conversion (right). Red dots indicate significantly misregulated repeats
between two conditions (fold change >2 and p-value <0.05). (B) Heatmap representation and hierarchical clustering of expression changes for 69
transposon families at D0, D6 and D13, in WT and Eed-KO cells. Colors represent on a log2-scale the differential expression between a given condition
and the average of the five conditions. *p<0.05. (C) Expression of individual elements from different transposon families at D0, D6 and D13, in WT and
Eed-KO cells, expressed in CPM. The black and red bars represent the median of the distribution, for WT and Eed-KO, respectively.
DOI: 10.7554/eLife.11418.022
The following figure supplement is available for figure 7:
Figure supplement 1. RNA-seq of Eed-KO ES cells
DOI: 10.7554/eLife.11418.023
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rapid disappearance of H3K9me2 upon serum to 2i+vitC conversion could reflect a direct role of
DNA methylation in the maintenance of these marks. Accordingly, H3K9me2 reduction was also
observed in DNA methylation-free Dnmt-tKO ES cells grown in serum (data not shown). Coupled
losses of DNA methylation and H3K9me2 have also been previously reported in vivo, during normal
primordial germ cell development (Hajkova et al., 2008; Seki et al., 2005) and in DNA methylation-
deficient spermatocytes (Zamudio et al., 2015). A mechanism of H3K9me2 methyltransferase
recruitment via DNA methylation has been resolved in plants (Du et al., 2015); the evolution of an
analogous mechanism in mammals should be explored.
Of particular importance to this study is our observation of an epigenetic switch occurring
between DNA methylation- and H3K27me3-based control. H3K27me3 is barely detectable at trans-
posons in DNA hypermethylated WT ES cells grown in serum; in contrast, transposons accumulate
H3K27me3 in both 2i+vitC-converted cells and in serum-grown Dnmt-tKO cells. This is in line with
the prevailing notion that DNA methylation and H3K27me3 are mutually exclusive genome-wide and
that DNA methylation antagonizes H3K27me3 deposition (Brinkman et al., 2012; Jermann et al.,
2014; Tanay et al., 2007). Saliently, this raises the question as to how transposons acquire
H3K27me3 upon DNA methylation loss. In mammalian genomes, polycomb is typically targeted to
unmethylated GC-rich gene promoters (Jermann et al., 2014; Mendenhall et al., 2010). Notably,
transposon sequences have a GC content superior to the genome average (Figure 5—figure sup-
plement 2B): this signature could be sufficient to attract polycomb-mediated H3K27me3 deposition
in the absence of DNA methylation. Intermediate methyl-sensitive DNA binding proteins may be
involved: the BEND3 protein was recently identified as a sensor of DNA methylation states at peri-
centromeric repeats, recruiting polycomb-dependent H3K27me3 marks in Dnmt-tKO ES cells
(Saksouk et al., 2014). Interestingly, we also observed H3K27me3 relocalization towards pericentro-
meric repeats in hypomethylated 2i+vitC ES cells. Similarly, the H3K36 demethylase KDM2B, which
targets unmethylated CpG-rich sequences, was shown to recruit PRC1, potentially leading to
H3K27me3 deposition through PRC2 recruitment (Blackledge et al., 2014; Farcas et al., 2012).
Comparable mechanisms might be at play for the recruitment of H3K27me3 at hypomethylated
transposons, involving BEND3, KDM2B and/or other methyl-sensitive DNA binding proteins.
Thus, based on previous observations, we posit that H3K27me3 invades the transposon space left
unmarked by DNA methylation upon 2i+vitC conversion. Moreover, we provide evidence that the
three possible chromatin configurations that the different transposon families adopt are further
determined by H3K9me3 occupancy (Figure 8B). Mutual exclusion between H3K9me3 and
H3K27me3 marks has been previously documented at gene promoters and pericentromeric repeats
(Mikkelsen et al., 2007; Peters et al., 2003), but not at transposons. We found that category B
transposons, which constantly maintain H3K9me3 marks throughout their entire length, do not
acquire H3K27me3-based chromatin even though they lose DNA methylation. In contrast, category
C transposons, exemplified by MERVL elements, become strongly enriched for H3K27me3 as
H3K9me2/3 depletes during medium conversion. Finally, category A elements provide a striking
illustration of the physical segregation of H3K9me3 and H3K27me3: as H3K9me3 constitutively
marks the 5’ end of this transposon category, only their 3’ end is accessible to H3K27me3 deposition
upon DNA methylation loss. The presence of H3K27me3 at the 3’ end of transcription units has not
been described before and its functional significance was unknown. Our transcriptome analysis of 2i
+vitC-converted Eed-KO cells reveals that 3’ end enrichment of H3K27me3 does not confer tran-
scriptional repression of transposons of the A category: it may rather represent a passive response
to the lack of DNA methylation and H3K9me3 at this position.
The main message conveyed by our work is that compensatory histone-based mechanisms ensure
transposon silencing when DNA methylation-based control is alleviated in ES cells. We cannot rule
out that other mechanisms-such as small RNA-based post-transcriptional repression-could also par-
ticipate to transposon control. Importantly, genetic analyses globally confirmed the functionality of
the chromatin patterns that we identified. In particular, H3K27me3-dependency was very well illus-
trated by the failure to repress several transposon families – in particular MERVL and LINE1– in Eed-
KO ES cells undergoing medium-based DNA methylation loss. However, the transposon category B
(IAPEz), which remains enriched for H3K9me3 throughout media conversion, gave complex, dispa-
rate phenotypes in the mutants of the different H3K9me3 pathways. While these elements failed to
be repressed in Setdb1 and Trim28-deficient ES cells, the complete suppression of IAPEz reactiva-
tion in Suv39-dko cells was unexpected. We suspect that alternative repressive processes likely
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Figure 8. Model for the acquisition of H3K27me3 at transposons during genome-wide demethylation. (A)
Summary of chromatin and transcriptional changes during conversion from serum to 2i+vitC. DNA methylation
and H3K9me2 are rapidly erased, H3K9me3 remains stable and H3K27me3 increases. Transposon expression
peaks at D6. (B) Model for the acquisition of H3K27me3 at transposons: upon loss of DNA methylation, H3K27me3
appears at GC-rich, H3K9me3 free-regions. Relative enrichments in H3K9me3 and H3K27me3 define three main
types of repressive chromatin organization. Category A transposons are marked by H3K9me3 on their 5’ end and
gain H3K27me3 on their 3’ region. Category B transposons are fully covered by H3K9me3 and do not gain
H3K37me3. Category C transposons lose H3K9me2 and H3K9me3 and acquire H3K27me3 decoration on their full
length. At D6 of 2i+vitC conversion, the abundance of pluripotent transcription factors and the loose chromatin
environment likely contribute to the burst of transposon expression.
DOI: 10.7554/eLife.11418.024
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obscure IAPEz transcriptional responses to DNA methylation loss in this mutant. This is akin to
Dnmt-tKO cells, which also exhibit global transposon repression. Thus, our analyses highlight the
possible unexplained phenotypes of mutant cells that have adapted to long-term chromatin-based
deficiencies.
Finally, one important point to raise is that the epigenetic switch from a DNA methylation-depen-
dent to -independent mode of transposon silencing is not perfectly synchronized: ES cells experi-
ence an acute burst of transposon expression at D6 of medium conversion. At this time point, we
showed that DNA methylation has been mostly erased but H3K27me3 patterns have not been estab-
lished yet. Interestingly, the stability of H3K9me3 marks at category A and B transposons is not suffi-
cient to ensure their continuous silencing upon conversion. This may imply that H3K9me3 readers
are transiently deficient in this system. The lag between DNA methylation loss and subsequent
implementation of histone-based repression could create an opportunistic window for transposon
reactivation, provided that adequate transcription factors are available. Several studies have previ-
ously pointed out that transposons are enriched in pluripotency transcription factor binding motifs
(Kunarso et al., 2010; Wang et al., 2014), in particular for NANOG and OCT4, and that upregula-
tion of these transcription factors was sufficient to promote transposon expression (Grow et al.,
2015).
We propose that the simultaneous disappearance of DNA methylation marks and increased avail-
ability of pluripotency activators create favorable conditions to transposon expression at D6 of
serum to 2i+vitC conversion (Figure 8B). After a brief silencing release, functional repressive chro-
matin is recovered, in an H3K9me3 and/or H3K27me3-dependent manner. Notably, we repeatedly
observed a peak of massive cell death of H3K27me3-deficient Eed-KO ES cells between D6 and D10
of medium conversion, when DNA methylation has mostly disappeared. This phenotype was even
exacerbated in Suv39h-Eed-tKO ES cells, which did not survive after a week of medium conversion.
These observations support the critical role for H3K27me3 in supplementing DNA methylation-
based control in ES cells.
Material and methods
ES cell lines
J1 and Dnmt-tKO ES cells were a gift from M. Okano (Tsumura et al., 2006). E14 ES cells were
kindly provided by E. Heard. WT TT2 and Ehmt2-KO ES cells (Tachibana et al., 2002), and Eed-KO
(Schoeftner et al., 2006) (on a J1 background) were gifts from Y Shinkai and A Wutz, respectively.
Trim28+/-, Setdb1+/- and Suv39-dKO were generated from J1 ES cells using CRISPR/Cas9 editing.
Briefly, guide-RNAs specific to the target sequences were designed using the online CRISPR Design
Tool (Hsu et al., 2013 and Supplementary file 2D) and incorporated into the X330 backbone
(Cong et al., 2013). Five millions J1 ES cells grown in serum were transfected with 1–3 mg of plasmid
using Amaxa 4d nucleofector (Lonza) and plated at a low density. Individual clones were picked and
screened by PCR; mutated alleles were confirmed by Sanger sequencing. Suv39h-dKO cells were
obtained by creating a frame-shift in Suv39h1 exon 4 and by deleting Suv39h2 exon 4; Trim28+/-
cells were generated by deleting exon 3; Suv39h-Eed-tKO were obtained by deleting Eed exon 6 in
Suv39h-dKO cells; Setdb1 +/- were generated by creating a frameshift in exon 16.
ES cell culture
ES cells were grown in two different media, serum and 2i, defined as follow. Serum: Glasgow
medium (Sigma), 15% FBS (Gibco), 2 mM L-Glutamine, 0.1 mM MEM non essential amino acids
(Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM b-mercaptoethanol, 1000 U/mL leukemia inhibitory
factor (LIF, Miltenyi); 2i: 50% neurobasal medium (Gibco), 50% DMEM/F12 (Gibco), 2 mM L-gluta-
mine (Gibco), 0.1 mM b-mercaptoethanol, Ndiff Neuro2 supplement (Milipore), B27 serum-free sup-
plement (Gibco), 1000 U/mL LIF, 3 mM Gsk3 inhibitor CT-99021, 1 mM MEK inhibitor PD0325901.
Vitamin C (Sigma) was added at a concentration of 100 ug/mL (Blaschke et al., 2013).
When in serum, J1, Dnmt-tKO, E14, and all CRISPR-generated mutant ES cells were grown in
feeder-free conditions on gelatin-coated plates. TT2, Ehmt2-KO were cultured on a monolayer of
mitomycin C-treated mouse embryonic fibroblasts. ES cells were passaged with TrypLE Express
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Enzyme (Life Technologies, Carlsbad, CA). All 2i ES cells were grown in gelatin-coated plates and
passaged every two or three days with Accutase (Life Technologies).
Trichostatin A was added for 24 hr at concentration of 25 or 50 ng/mL
Mycoplasma-free status was assessed using VenorGeM Classic mycoplasma detection kit (Minerva
Biolabs).
DNA methylation analyses
Genomic DNA was isolated using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma) with
RNase treatment. Global CpG methylation levels were assessed using LUminometric Methylation
Assay (LUMA) as described previously (Karimi et al., 2011a; Richard Pilsner et al., 2010). Briefly,
500 ng of genomic DNA was digested with MspI/EcoRI and HpaII/EcoRI (NEB) in parallel reactions.
HpaII is a methylation-sensitive restriction enzyme and MspI is its methylation insensitive iso-
schizomer. EcoRI is included as an internal reference. The overhangs created by the enzymatic diges-
tion were quantified by Pyrosequencing (PyroMark Q24, Qiagen) with the dispensation order:
GTGTGTCACACAGTGTGT. Global CpG methylation levels were calculated from the peak heights
at the position 7,8,13,14 as follows: 1-sqrt([p8*p14/p7*p13]HpaII /[p8*p14/p7*p13]MspI)
CpG methylation at specific loci was assessed by bisulfite-pyrosequencing using the Imprint DNA
modification Kit (Sigma) for conversion. PCR and sequencing primers (Supplementary file 2D) were
designed with the PyroMark Assay Design Software and quantification of DNA methylation was per-
formed according to the recommended protocol.
Whole-Genome Bisulfite Sequencing libraries were prepared from 50ng of bisulfite-converted
genomic DNA using the EpiGnome/Truseq DNA Methylation Kit (Illumina) following the manufac-
turer instructions. Sequencing was performed in 100 pb paired-end reads at a 30X coverage using
the Illumina HiSeq2000 platform (Supplementary file 1).
RNA expression analyses
Total RNA was extracted using Trizol (Life Technologies). cDNAs were prepared after DNase treat-
ment (Turbo DNase, Ambion) using random priming with Superscript III (Life Technologies). Real-
time quantitative PCR was performed using the SYBR Green Master Mix on the Viia7 thermal cycling
system (Applied Biosystem). Relative expression levels were normalized to the arithmetic mean of
the housekeeping genes Gapdh and Rplp0 and to WT-D0 with the DDCt method. Primers are given
in Supplementary file 2D.
Nanostring nCounter quantification was performed using 100ng of total RNA per sample on a
custom expression Codeset (target sequences in Supplementary file 2D). Actin, Ppia, Gapdh and
Rplp0 were used for normalization. Data are presented as the fold change compared to WT-D0.
Expression data for the different mutants are presented next to WT data that were processed on the
same Nanostring run. The same WT data can be used in several figures. When necessary and in
order to calculate mean and standard error of the mean between replicates every two days, we
extrapolated linearly the expression value of a given day using data of immediately adjacent time
points (for both RT-qPCR and Nanostring).
RNA-seq libraries were prepared from 500ng of DNase-treated RNA with the TruSeq Stranded
mRNA kit (Illumina). Sequencing was performed in 100pb paired-end reads using the Illumina
HiSeq2000 platform (Supplementary file 1).
Chromatin Immunoprecipitation
Cells were cross-linked directly in culture plates with 1% formaldehyde (culture medium supple-
mented with 1% formaldehyde, 0.015 M NaCl, 0.15 mM EDTA, 0.075 mM EGTA, 15 mM Hepes pH
8). After quenching with 0.125 M glycine, cells were washed in PBS and pelleted. Cells were then
incubated at 4˚C for 10 min in buffer 1 (Hepes-KOH pH 7.5 50 mM, NaCl 140 mM, EDTA pH 8.0
1 mM, glycerol 10% NP-40 0.5%, Triton X-100 0.25% and the protease inhibitors: PMSF 1 mM, Apro-
tinin 10 mg/ml, leupeptin 1 mg/ml and pepstatin 1 mg/ml), then at room temperature for 10 min in
buffer 2 (NaCl 200 mM, EDTA pH 8.0 1 mM, EGTA pH 8.0 0.5 mM and 10 mM Tris pH 8 and the
same protease inhibitors as buffer 1) and finally resuspended in buffer 3 (EDTA pH 8.0 1 mM, EGTA
pH 8.0 0.5 mM, Tris pH8 10 mM, N-lauroyl-sarcosine 0.5%; protease inhibitors as buffer 1). Chroma-
tin was sonicated with a Bioruptor (Diagenode) to reach a fragment size around 200 bp. Chromatin
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corresponding to 10 mg of DNA was incubated overnight at 4˚C with 3–5 mg of antibody in incuba-
tion buffer (buffer 3 supplemented with 0.5 volume of 3% Triton, 0.3% sodium deoxycholate, 15 mM
EDTA; protease inhibitors). A fraction of chromatin extracts (5%) were taken aside for inputs. Anti-
body-bound chromatin was recovered using Protein G Agarose Columns (Active Motif). Briefly, the
antibody-chromatin mix was incubated in the column for 4 hr, washed eight times with modified
RIPA buffer (Hepes pH7.6 50 mM, EDTA pH 8.0 10 mM, sodium deoxycholate 0.7%, NP-40 1%, LiCl
500 mM, PMSF 1 mM, 1 mg/ml leupeptin and 1 mg/ml pepstatin), and washed one last time with TE-
NaCl (50mM Tris pH 8.0, 10 mM EDTA, 50 mM NaCl). Chromatin was eluted with pre-warmed TE-
SDS (50mM Tris pH 8.0, 10 mM EDTA, 1% SDS). ChIP-enriched sample and inputs were then reverse
cross-linked at 65˚C overnight and treated with RNase A and proteinase K. DNA was extracted with
phenol/chloroform/isoamyl alcohol, precipitated with glycogen in sodium acetate and ethanol and
finally resuspended in TE. Enrichment compared to input was analyzed by qPCR. A quantity of 20 ng
of ChIP- or input-DNA were used for ChIP-seq. Remaining large DNA fragments were first elimi-
nated using SPRIselect beads (Beckman Coulter) and libraries were prepared using the TruSeq ChIP
Sample Prep kit (Illumina). Sequencing was performed in 50pb paired-end reads using the Illumina
HiSeq2000 platform (Supplementary file 1). qPCR primers and antibodies are listed in
Supplementary file 2D,E.
Western blotting
To prepare total protein extracts, cells were resuspended in BC250 lysis buffer (25 mM Tris pH 7.9,
0.2 mM EDTA, 20% Glycerol, 0.25 M KCl and protease inhibitor coktail from Roche), sonicated and
centrifuged to pellet debris. To prepare nuclear protein extracts, cells were incubated for 10 min on
ice in buffer A (Hepes pH 7.9 10 mM, MgCl2 5 mM, Sucrose 0.25 M, NP40 0.1%, DTT 1mM and pro-
tease inhibitors) and centrifuged. The pellet was resuspended in buffer B (Hepes pH 7.9 25 mM,
glycerol 20%, MgCl2 1.5 mM, EDTA 0.1 mM, NaCl 700 mM, DTT 1 mM and protease inhibitors),
sonicated and centrifuged to pellet debris. Total and nuclear proteins were quantified by Bradford
assay. Proteins (10–20 mg per gel lane) were separated by electrophoresis in 8–15% poly-acrylamide
gels and transferred onto nitrocellulose membranes using the Trans-Blot turbo transfer system (Bio-
rad). After incubation with primary antibodies and HRP-conjugated secondary antibodies, signal was
detected using ECL prime kit (Amersham) and ImageQuant Las-4000 mini biomolecular Imager.
Antibodies are listed in Supplementary file 2E.
Immunofluorescence
Cells were harvested with Trypsin or Accutase, resuspended in PBS and plated for 10 min on Poly-L-
Lysine-coated glass cover slips. Cells were first fixed with 3% paraformaldehyde for 10 min at room
temperature, then rinsed three times with PBS and permeabilized for 4 min with 0.5X Triton on ice.
After blocking in 1% BSA for 15 min, samples were incubated at room temperature for 40 min with
primary antibodies, 45 min with secondary antibodies and 3 min in 0.3 mg/mL DAPI. Slides were
mounted with Prolong Gold mounting media (Invitrogen). Images were obtained with an Upright
Widefield microscope (Leica) or a Zeiss LSM700 inverted confocal microscope. Quantification of
immunofluorescence intensity in individual cells was performed using custom ImageJ and R scripts.
Between 2000 and 5000 cells were analyzed per sample. Antibodies are listed in Supplementary file
2E.
Metaphase spreading
Cells were cultured for two hours with 0.04 mg/mL colchicine and harvested by trypsinization. Cell
pellets were incubated in hypotonic buffer (15% FBS in water) for 7 min at 37˚C and fixed with 66%
acetic acid/33% ethanol. After centrifugation, cells were resuspended in 1.5 mL fixative and dropped
from ~1 m height onto glass slides. Slides were dried and DNA was stained with DAPI. Chromo-
somes were counted with an Upright Widefield microscope (Leica). Around 20 cells were analyzed
per cell line.
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Quantification of transposon genomic copy number
Absolute copy numbers of IAP and LINE1 were calculated by qPCR by establishing standard curves
plotting absolute Ct values of genomic DNA against serial dilutions of PCR targets cloned into the
pCR2.1-TOPO vector (Life Technologies), as described in Zamudio et al., 2015.
Reconstruction of repeatMasker
As described in Bailly-Bechet et al., 2014, a dictionary was constructed for LTR retrotransposons
that associated elements corresponding to the internal sequence and those corresponding to LTR
sequences. With the latter and the RepeatMasker database, fragments of transposable elements
corresponding to the same copy were merged. Divergence, deletion and insertion percentages
were recalculated from RepeatMasker and an integrity score for each transposon were calculated as
follow: score = 1-average(%divergence,% deletions,% insertions)
WGBS data analysis
Whole-genome bisulfite sequencing reads generated in this study or recovered from available data-
sets were treated as follow. The first eight base pairs of the reads were trimmed using FASTX-Toolkit
v0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.html). Adapter sequences were removed with
Cutadapt v1.3 (https://code.google.com/p/cutadapt/) and reads shorter than 16 bp were discarded.
Cleaned sequences were aligned onto the Mouse reference genome (mm10) using Bismark v0.12.5
(Krueger and Andrews, 2011) with Bowtie2-2.1.0 (Langmead and Salzberg, 2012) and default
parameters. Only reads mapping uniquely on the genome were conserved. Methylation calls were
extracted after duplicate removal. Only CG dinucleotides covered by a minimum of 10 reads were
conserved for the rest of the analysis.
The R-package Methylkit v0.9.2 (Akalin et al., 2012) was used to provide Pearson’s correlation
scores between samples. To analyze the distribution of CpG methylation in different genomic com-
partments, the mouse genome was divided into different partitions. The RefSeq gene annotation
and the RepeatMasker database were downloaded from UCSC table browser and used for transcript
and repeat annotations, respectively. Promoters were defined as the -1 kb to +100 pb region around
transcription start sites. CpG islands (CGIs) were defined as in Illingworth et al., 2010. Intergenic
partitions were defined as genomic regions that did not overlap with promoters, CGI, exons, introns
or repeats. Whole-genome mapping of CpG methylation was then intersected with the different
genomic compartments using Bedtools (Quinlan and Hall, 2010).
Average CpG methylation on individual transposons was extracted from RepeatMasker with Bed-
tools, average CpG methylation in the different transposon families was calculated and plotted using
R. Heatmap for average CpG methylation in Imprinted control regions (ICRs) was generated similarly
after retrieving ICR genomic coordinates from the WAMIDEX database (Schulz et al., 2008). Residu-
ally methylated regions (RMRs) in 2i+vitC samples were identified using the MethPipe pipeline
(Song et al., 2013) with default parameters. RMRs located less than 1 kb from each others were
concatenated.
RNA-seq data analysis
In order to quantify gene expression, Paired-end 2x100 bp reads were mapped onto mm10 using
Tophat v2.0.6 and RefSeq gene annotation (Kim et al., 2013) allowing five mismatches. Gene-scaled
quantification was performed with HTSeq v0.6.1 (Anders et al., 2014).
In order to quantify transposon expression, reads mapping to ribosomal RNA (rRNA) sequences
(GenBank identifiers: 18S NR_003278.3, 28S NR_003279.1, 5S D14832.1, 5.8S K01367.1) were first
removed with Bowtie v1.0.0 allowing three mismatches. The rRNA-depleted libraries were then
mapped onto mm10 using Bowtie v1.0.0 allowing zero mismatch and 10000 best alignments per
read. Exonic reads were removed. In order to count reads mapping to transposable elements, reads
were weighted by the number of mapping sites and each library was intersected with the recon-
structed RepeatMasker annotation, conserving only reads overlapping at least at 80% with a given
transposon.
For each library, read counts for genes and transposons were combined into a single table. TMM
normalization from the edgeR package v3.6.2 (Robinson and Oshlack, 2010) was first applied. As
described in the guideline of limma R-package v3.20.4, normalized counts were processed by the
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voom method (Law et al., 2014) to convert them into log2 counts per million with associated preci-
sion weights. The differential expression was estimated with the limma package. Genes and transpo-
sons were called differentially expressed when two criteria were met: 1) the fold-change between
two conditions was higher than four and two, respectively, and 2) the adjusted p-value using the
Benjamini Hochberg procedure was below 0.05.
For the analysis of RNA-seq libraries with uniquely mapped reads, the mapping was performed as
previously with Bowtie v1.0.0, except that only uniquely mapping reads were conserved. Read
counts on individual reconstructed element were quantified using HTSeq v0.6.1. Only elements with
at least 10 reads in at least one sample were conserved for further analysis and read counts were
subsequently normalized by the library size. Normalized read counts for individual elements belong-
ing to different families were then plotted using custom R script. Tracks were created using HOMER
software v4.7 (Heinz et al., 2010).
In order to identify and characterize chimeric transcripts, reads were mapped onto mm10 using
Tophat v2.0.6, without providing a gene annotation. Cufflinks v2.2.1 (Trapnell et al., 2010) was
used to reconstruct the transcriptome and quantify the different isoforms. Transcripts were consid-
ered chimeric when the first exon overlapped with a transposon annotated in Repeatmasker and
one of the other exon was annotated in RefSeq.
ChIP-seq data analysis
Paired-end 2x50bp reads were mapped onto mm10 using Bowtie v1.0.0 allowing 3 mismatches.
Reads mapping to multiple locations were randomly allocated. Duplicate reads were removed using
Picard v1.65 (http://broadinstitute.github.io/picard/). Tracks were created using HOMER software
v4.7 (Heinz et al., 2010) and Peak calling was performed with MACS2 v2.0.10 (Zhang et al., 2008)
using the broad option and a 5% FDR threshold. Detected peaks were annotated using RefSeq and
RepeatMasker databases. In order to construct the heatmap and the scatter plots, the total number
of read counts for every annotated transposable element was computed using Bedtools and the
reconstructed RepeatMasker annotation. Enrichment was normalized by the size of the element and
Input data. Metaplots for average enrichment and GC content on and around different transposons
were obtained using HOMER V4.7. Only full-length (>6 kb) and intact (integrity score >0.8) elements
were used for the metaplots.
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An epigenetic switch ensures transposon repression upon dynamic loss of DNA
methylation in embryonic stem cells
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Figure 1—figure supplement 1. DNA methylation is almost completely erased in 2i+vitC medium. (A) Global
CpG methylation level in J1 ES cells as measured by LUMA. Mean ± SEM between two biological replicates. (B)
Smoothed scatter plots of DNA methylation levels at individual CpG between two different conditions as
measured by WGBS. Histograms: distribution of CpG methylation levels for all CpG. Pearson correlation between
culture conditions. (C) Typical example of methylation profiles in serum, 2i-only and 2i+vitC. Each dot represents
the average methylation level over 10–15 kb windows. (D) Average methylation level in Imprinted Control Regions
(ICRs) as measured by WGBS. (E) Representative genomic region containing the H19 ICR.
DOI: 10.7554/eLife.11418.004
Walter et al. eLife 2016;5:e11418. DOI: 10.7554/eLife.11418 4 of 33
Research article Developmental biology and stem cells Genes and chromosomes
Figure 2—figure supplement 1. Two phases of transposon regulation correlate with rapid DNA methylation loss. (A) Expression of different
transposons in J1 ES cells as measured by Nanostring during the conversion from serum to 2i+vitC (grey), 2i-only (light blue) and serum+vitC (dark
blue). Data are expressed as fold change to D0 and represent mean ± SEM between eight (for 2i+vitC) or two (for 2i- and vitC-only) biological
replicates. (B) Expression of transposons in E14 ES cells. Data are expressed as fold change to D0 and represent mean ± SEM between two biological
replicates. p<0.05, **p<0.01 and ***p<0.001 (Student t-test). (C) Expression of transposons in Dnmt-tKO and J1 ES cells measured. Data are expressed
as fold change to J1 D0 and represent mean ± SEM between three biological replicates (for Dnmt-tKO). *p<0.05, **p<0.01 and ***p<0.001 (unequal
variances t-test between WT and Dnmt-tKO at a given day).
DOI: 10.7554/eLife.11418.006
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Figure 2—figure supplement 2. Cellular heterogeneity of transposon expression. (A) Left panel: Immunofluorescence staining for LINE1-ORF1 and
NANOG proteins in serum- and 2i+vitC-grown ES cells. Right: panel: Density of LINE1-ORF1 protein levels after ImageJ quantification of
immunofluorescence intensity in individual cells. Between 2000 and 5000 cells were analyzed per time point: cells have globally a higher level of LINE1-
ORF1 at D6. (B) Same as (A), with staining for IAP-gag and NANOG proteins.
DOI: 10.7554/eLife.11418.007
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Figure 2—figure supplement 3. Cell proliferation, cell death, and genome integrity. (A) Mitotic division rate of J1 ES cells during the conversion from
serum to 2i+vitC. Mean ± SEM between three biological replicates. (B) Quantification of proliferation marker expression by Nanostring. Data are
expressed as fold change to D0 and represent mean ± SEM between seven biological replicates. (C) Percentage of cells immunostained against the
apoptosis marker PARP and the mitotic marker H3S10 phosphorylation. Between 5000 and 10000 cells were counted at each time point. When
available, data represent mean ± SEM between two biological replicates. (D) Absolute copy number of L1-ORF2 and IAPD1 fragments assayed by qPCR
on genomic DNA. Values are expressed as copies per genome, representing the mean ± SEM between two biological replicates. (E) Chromosome
numbers counted in 20 metaphase spreads in serum and 2i+vitC medium.
DOI: 10.7554/eLife.11418.008
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Figure 2—figure supplement 4. Genome-wide characterization of transposon relaxation. (A) Reconstruction
principles of RepeatMasker annotation. (B) Pearson correlation and hierarchical clustering between RNA-seq
experiments. (C) Number of individual LINEs and ERVs with detectable expression at D0, D6 and D13 of 2i+vitC
conversion. Elements with a minimum of 10 uniquely mappable reads were considered. (D) Expression of
individual elements from different transposon families at D0, D6 and D13 in Count per Millions (CPM). Each dot
represents a single element. RNA-seq mapping allowed only unique hits in the reference genome and only
elements that had a minimum of 10 reads in at least one of the sample were conserved. The black bar represents
the median of the distribution. Analyzed numbers of distinct transposon copies per family appear into brackets. (E)
Representative genomic regions comprising LINE1 and ERV repeats. RNA-seq coverage for the two biological
replicates is represented in blue and orange, and the overlap in grey. Data represent normalized read density. (F)
Figure 2—figure supplement 4 continued on next page
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Figure 2—figure supplement 4 continued
Expression of individual transposable elements and their localization on chromosomes 1, 5, 15 and 19 at D0, D6
and D13 of conversion. Each bar represents the expression of a single element in Count per Millions (CPM).
Elements with a minimum of 10 uniquely mappable reads in at least one sample were considered.
DOI: 10.7554/eLife.11418.009
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Figure 3—figure supplement 1. Gene expression analysis upon serum to 2i+vitC conversion. (A) Volcano plot
representation of up- and down-regulated genes as measured by RNA-seq between D0 and D6, D6 and D13, and
D0 and D13. Red dots indicate significantly misregulated genes (fold change >4 and p-value <0.01). (B) RNA-seq
track showing a chimeric transcript between an ORR1A2 transposon and the 2-cell-specific Ubtfl1 gene, specifically
expressed at D6. Data represent normalized read density (C) RNA-seq track showing uncoupled expression
between the 2-cell-specific Zscan4d gene and the neighboring full-length MERVL transposon.
DOI: 10.7554/eLife.11418.011
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Figure 4—figure supplement 1. Repressive chromatin reorganization during conversion from serum to 2i+vitC.
(A) Immunofluorescence experiment against H3K9me2, H3K9me3 and H3K27me3 in J1 ES cells during serum to 2i
+vitC conversion. (B) RPKM expression values of H3K9 HKMTs, Trim28 and PRC2 members as measured by RNA-
seq. Mean ± SEM between two biological replicates. Transposon expression in Ehmt2-KO and TT2 ES cells (WT) as
measured by Nanostring. Data are expressed as fold changes to WT D0 and represent mean ± SEM between two
biological replicates.
DOI: 10.7554/eLife.11418.013
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Figure 4—figure supplement 2. Repressive chromatin reorganization during conversion from serum to 2i+vitC. (A) Pearson correlation and hierarchical
clustering between samples after peak calling in H3K9me3 and H3K27me3 ChIP-seq experiments. (B) Number of H3K9me3 and H3K27me3 ChIP-seq
read mapping to major satellite repeat consensus sequence. (C) Genomic annotation of ChIP-seq peaks in ES grown in serum but lacking DNA
methylation (Dnmt3-dKO, Dnmt1-KD). On the contrary to Figure 4C, peak calling was performed without taking input data into account. ChIP-seq
datasets were taken from. Brinkman et al., 2012. (D) H3K4me3 enrichment levels at three transposon families as measured by ChIP-qPCR. Data are
expressed as the percentage of ChIP over Input and represents mean ± SEM of two biological replicates. (E) H3K9me3 and H3K4me3 ChIP followed by
bisulfite pyrosequencing. Mean ± SEM between two biological replicates.
DOI: 10.7554/eLife.11418.014
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Figure 4—figure supplement 3. Screenshots of repressive chromatin reorganization at transposons. (A)
Representative genomic region depicting evolution of H3K9me3 and H3K27me3 at RLTR4 repeats. Data represent
normalized read density. (B) Representative genomic region depicting evolution of H3K9me3 and H3K27me3 at
RLTR10 and IAPEy repeats. (C) Representative genomic region depicting evolution of H3K9me3 and H3K27me3 at
various solo-LTRs. Example chosen here show isolated solo-LTRs that are not surrounded by other transposons.
DOI: 10.7554/eLife.11418.015
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Figure 5—figure supplement 1. Intra-familial heterogeneity of H3K9me3 and H3K27me3 in transposons.
Normalized H3K9me3 and H3K27me3 enrichment over input at individual elements from different transposon
families. Each dot represents a single element at D0 (blue), D6 (green) and D15 (red). Only ’intact’ (integrity
score>0.8) elements were considered. Data represent the average between two biological replicates. The number
of distinct transposon copies considered is indicated next to the name of the family. (A) Member of the A category
of transposons that are marked by both H3K9me3 and H3K27me3 in 2i+vitC. (B) B category, with exclusive
H3K9me3. (C) C category, with exclusive H3K27me3. (D) RLTR4 is the only transposon marked by H3K27me3 in
serum.
DOI: 10.7554/eLife.11418.017
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Figure 5—figure supplement 2. H3K9me3 and H3K27me3 mark transposon sequences but do not spatially
overlap. (A) Composite profile of H3K9me3 and H3K27me3 coverage on and +/- 5kb around different transposon
sequences at D0, D6 and D15 of 2i+vitC conversion. Only intact (score >0.8) and full-length elements were
analysed. For LINEs specifically, coverage was only represented on elements where an H3K27me3 peak was
detected upon peak calling. (B) Composite profile of H3K27me3 coverage on and +/- 5kb around different
transposon sequences in WT and Dnmt-tKO (Dnmt3A/3B-dKO; Dnmt1 KD) DNA methylation-deficient ES cells.
ChIP-seq datasets were taken from Brinkman et al., 2012.
DOI: 10.7554/eLife.11418.018
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Figure 6—figure supplement 1. Caracterization of genetic mutants. (A) Characterization of Suv39h-dKO ES cells: loss of H3K9me3 at pericentric
heterochromatin assessed by immunofluorescence (upper panel, compare with Figure 4—figure supplement 1A at D0 for WT) and lack of SUV39H1
protein assessed by western blot (lower panel). (B) Characterization of CRISPR/Cas9- generated Trim28+/- ES cells: western blot showing the level of
reduction of TRIM28 protein in three independent clones. Clone F7 was used for subsequent experiments. (C) Characterization of CRISPR/Cas9-
generated Suv39h-Eed-tKO ES cells: western blot showing lack of SUV39H1, EED and H3K27me3 in independent clones. Clones D2, F1 and A9 were
used as biological replicates in subsequent experiments.
DOI: 10.7554/eLife.11418.020
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Figure 6. figure supplement 2. Regulation of transposons by HDACs. (A) Expression levels in Suv39h-dKO for L1-A and L1-T families measured by
Nanostring nCounter. Data are expressed as fold changes to WT D0 and represent mean ± SEM between three (Suv39h-KO) and eight (J1) biological 
replicates. (B) Expression levels in WT ES cells treated with the HDACs inhibitor Trichostatin A (TSA) for 24 hr measured by RT-qPCR. Values were 
normalized to Gapdh and Rplp0. Data are expressed as the fold change to untreated cells and represent mean ± SEM between two (untreated control) 
and four biological replicates (treated with 25 or 50 ng/mL of TSA, with undistinguishable eect between the two concentrations). *p<0.05, **p<0.01 and 
***p<0.001 (unequal variances t-test).
DOI: 10.7554/eLife.11418.021
Walter et al . eLife 2016;5:e11418. DOI: 10.7554/eLife.11418 23 of 33
Research article Developmental biology and stem cells Genes and chromosomes
B
A
Re
lat
ive
 Ex
pr
es
sio
n 
to
 J1
-D
0
J1
Suv39h -dKO
0
1
2
3
4
D0 2 4 6 8 10 12 14
0
1
2
3
4
D0 2 4 6 8 10 12 14
L1-TL1-A
0
1
2
3
4
5
6
7
LINE1 IAPEz MERVL
Untreated
TSA
Re
lat
ive
 Ex
pr
es
sio
n 
to
 u
nt
re
at
ed
 J1
 in
 se
ru
m
Re
lat
ive
 Ex
pr
es
sio
n 
to
 u
nt
re
at
ed
 J1
 in
 2i
+v
itC
Serum
0
2
4
6
8
10
12
LINE1 IAPEz MERVL
Untreated
TSA
2i + vitC 
**
**
***
*
Walter et al . eLife 2016;5:e11418. DOI: 10.7554/eLife.11418 24 of 33
Research article Developmental biology and stem cells Genes and chromosomes
Figure 7. figure supplement 1. RNA-seq of Eed-KO ES cells (A) Pearson correlation and hierarchical clustering between RNA-seq experiments. (B) Volcano 
plot representation of up- and down-regulated genes as measured by RNA-seq between WT and Eed-KO at D0 (left) and D13 (right). Light and dark green 
dots represent genes with a H3K27me3 peak in promoter regions (2222 and 1870 genes at D0 and D13, respectively). Red and dark green dots indicate 
signicantly misregulated genes (fold change >4 and p-value <0.01). (C) Volcano plot representation of up- and down-regulated transposons as measured 
by RNA-seq between D0 and D13 in Eed-KO. Red dots indicate signicantly misregulated repeats between two conditions (fold change >2 and p-value <0.05). 
RNA-seq mapping allowed multiple hits onto the genome. (D) Expression of individual elements from dierent transposon families at D0, D6 and D13, in 
WT and Eed-KO, in Count per Millions (CPM). Each dot represents a single element. RNA-seq mapping allowed only unique hits in the reference genome; 
only elements with a minimum of 10 reads in at least one of the sample were conserved. The black and red bars represent the median of the distribution, 
for WT and Eed-KO, respectively. Analyzed numbers of distinct transposon copies per family appear into brackets.
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❡t ❛❧✳✱ ✶✾✾✽✮✳ ❊♥✜♥✱ ❉◆▼❚✸▲ ♥✬❛ ♣❛s ❞✬❛❝t✐✈✐té ❡♥③②♠❛t✐q✉❡ ❝❛r ❡❧❧❡ ♥✬❛ ♣❛s ❞❡ ♠♦t✐❢
❝❛t❛❧②t✐q✉❡✳ ▼❛✐s ❝✬❡st ✉♥ ❝♦✲❢❛❝t❡✉r ❞❡s ♠ét❤②❧tr❛♥s❢ér❛s❡s ❉◆▼❚✸❆ ❡t ❉◆▼❚✸❇ ❞❡
♥♦✈♦✱ ❡t ❧❡ ❞❡r♥✐❡r ♠❡♠❜r❡ ❞❡ ❝❡tt❡ ❢❛♠✐❧❧❡ à ❛✈♦✐r été ✐❞❡♥t✐✜é ❡♥ ✷✵✵✵ ✭❆❛♣♦❧❛ ❡t ❛❧✳✱
✷✵✵✵✮✳ ❆✈❡❝ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧❛ séq✉❡♥❝❡ ❞✉ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ❡t ❞❡ ❧✬❤♦♠♠❡✱ ✐❧ ❛
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❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ♠â❧❡ ✭❇♦✉r❝✬❤✐s ❛♥❞ ❇❡st♦r✱ ✷✵✵✹❀ ❇♦✉r❝✬❤✐s ❡t ❛❧✳✱ ✷✵✵✶✮✳ ▲❡s ♠â❧❡s
❤♦♠♦③②❣♦t❡s ♠✉t❛♥ts ♣♦✉r ❉♥♠t✸❧ s♦♥t stér✐❧❡s✱ ❛✈❡❝ ✉♥ ♣❤é♥♦t②♣❡ ❞✬❛③♦♦s♣❡r♠✐❡✱ ❞✉❡
✶✶✵
✸✳✶✳ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
à ✉♥❡ ✐♥t❡rr✉♣t✐♦♥ ❛✉ st❛❞❡ ❞❡ ❧❛ ♠é✐♦s❡✱ ♣❛r ❞é❢❛✉t ❞✬❛♣♣❛r✐❡♠❡♥t ❞❡s ❝❤r♦♠♦s♦♠❡s
❤♦♠♦❧♦❣✉❡s✳ ▲❡s ét✉❞❡s ❞✬♦r✐❣✐♥❡✱ ♣❡✉ rés♦❧✉t✐✈❡s ❡t ❝✐❜❧é❡s✱ ❛✈❛✐❡♥t ♣❡r♠✐s ❞❡ ♠❡t✲
tr❡ ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❡ ❣é♥♦♠❡ ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ❞❡ ❝❡s ♠✉t❛♥ts ❡st ❣❧♦❜❛❧❡♠❡♥t
❤②♣♦♠ét❤②❧é✱ ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❡s é❧é♠❡♥ts ▲■◆❊✶ ❡t ■❆P✱ ❡t q✉❡ ❝❡s ♠ê♠❡ é❧é♠❡♥ts
ét❛✐❡♥t ❢♦rt❡♠❡♥t ré❛❝t✐✈és ❛✉ ♥✐✈❡❛✉ tr❛♥s❝r✐♣t✐♦♥♥❡❧ ✭❇♦✉r❝✬❤✐s ❛♥❞ ❇❡st♦r✱ ✷✵✵✹❀ ❑❛t♦
❡t ❛❧✳✱ ✷✵✵✼✮✱ ♠❛✐s ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t s❛♥s ✐♥❞✉✐r❡ ✉♥❡ rétr♦tr❛♥s♣♦s✐t✐♦♥ ♠❛ss✐✈❡ ✭❩❛✲
♠✉❞✐♦ ❡t ❛❧✳✱ ✷✵✶✺✮✳
❉✉ ❢❛✐t ❞❡ ❧❛ s✐♠✐❧❛r✐té ♣❤é♥♦t②♣✐q✉❡ ❡t ♠♦❧é❝✉❧❛✐r❡ ❞❡s s♦✉r✐s ♠✉t❛♥t❡s ♣♦✉r ▼✐❧✐
♦✉▼✐✇✐✷✱ ✐❧ ❛ été r❛♣✐❞❡♠❡♥t ♣♦st✉❧é q✉❡ ❧❛ ✈♦✐❡ ♣✐❘◆❆ ✭✈♦✐r ✶✳✷✳✺✮ ét❛✐t ✈r❛✐s❡♠❜❧❛❜❧❡✲
♠❡♥t ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❡ ❝✐❜❧❛❣❡ ❞❡s ❊❚ ♣❛r ❉◆▼❚✸▲✳ ❈❡♣❡♥❞❛♥t✱ ❛✉❝✉♥❡ ✐♥t❡r❛❝t✐♦♥
❞✐r❡❝t❡ ♦✉ ✐♥❞✐r❡❝t❡ ♥✬❛ ♣♦✉r ❧✬✐♥st❛♥t été ❞é♠♦♥tré❡ ❡♥tr❡ ❧❛ ♠❛❝❤✐♥❡r✐❡ ❞❡ ❧❛ ♠ét❤②❧❛✲
t✐♦♥ ❡t ❧❛ ✈♦✐❡ ♣✐❘◆❆✳ ❉❡ ♣❧✉s✱ ❉◆▼❚✸▲ ♥✬❛②❛♥t ❛✉❝✉♥❡ ❛❝t✐✈✐té ❝❛t❛❧②t✐q✉❡✱ ❧❛ ❉◆▼❚
r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♥✬ét❛✐t ♣❛s ❝♦♥♥✉❡✳
❆✜♥ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❛ ✈♦✐❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❞❡s é❧é♠❡♥ts tr❛♥s✲
♣♦s❛❜❧❡s ❞❛♥s ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ♠â❧❡✱ ❧❡ ❧❛❜♦r❛t♦✐r❡ ❛ ❝❤❡r❝❤é à ✐❞❡♥t✐✜❡r ❞❡ ♥♦✉✲
✈❡❛✉① ❛❝t❡✉rs ❞❡ ❝❡tt❡ ✈♦✐❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝♦❧❧❡❝t✐♦♥ ❞❡ s♦✉r✐s ♠✉t❛♥t❡s ❣é♥éré❡s ♣❛r
✉♥❡ str❛té❣✐❡ ❞❡ ♠✉t❛❣❡♥ès❡ ❝❤✐♠✐q✉❡ ❛❧é❛t♦✐r❡✱ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❋❧♦r✐❛♥ ●✉✐❧❧♦✉
✭■◆❘❆✱ ❚♦✉rs✮ ❡t ❨❛♥♥ ❍ér❛✉❧t ✭■●❇▼❈✱ ❙tr❛s❜♦✉r❣✮✳ P♦✉r ❝❡❧❛✱ ❞❡s s♦✉r✐s ♠â❧❡s
♦♥t été tr❛✐té❡s ❛✈❡❝ ✉♥ ❛❣❡♥t ♠✉t❛❣è♥❡✱ ❛♣♣❡❧é ❊◆❯ ✭♣♦✉r ◆✲❡t❤②❧✲◆✲♥✐tr♦s♦✉r❡❛✮✱ ✐♥✲
❞✉✐s❛♥t ❞❡s ♠✉t❛t✐♦♥s ❞❛♥s ❧❡s s♣❡r♠❛t♦❣♦♥✐❡s✱ ❝❡❧❧✉❧❡s s♦✉❝❤❡s q✉✐ ✈♦♥t s❡ tr❛♥s❢♦r♠❡r
❡♥ s♣❡r♠❛t♦③♦ï❞❡s✳ ▲❛ ♠❛❥♦r✐té ❞❡s ♠✉t❛t✐♦♥s s♦♥t ❞❡s s✉❜st✐t✉t✐♦♥s ❞✬✉♥❡ s❡✉❧❡ ❜❛s❡✳
✹✹✪ ❞✬❡♥tr❡ ❡❧❧❡s s♦♥t ❞❡s tr❛♥s✈❡rs✐♦♥s ❞❡ ❆✲❚ à ❚✲❆ ❡t ✸✽✪ s♦♥t ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ❆✲❚
à ●✲❈ ✭◆❣✉②❡♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ▲❛ ♣❛rt✐❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❛ été ré❛❧✐sé❡ ♣❛r ❏♦❛♥
❇❛r❛✉ ❞✉ ❧❛❜♦r❛t♦✐r❡ t❛♥❞✐s q✉❡ ❥✬❛✐ ré❛❧✐sé ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥❛❧②s❡s ❜✐♦✐♥❢♦r♠❛t✐q✉❡s ❡t
♣❛rt✐❝✐♣é à ❧❡✉r ✐♥t❡r♣rét❛t✐♦♥✳
P♦✉r ✐❞❡♥t✐✜❡r ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s ❞♦♥t ❧❡ ♣r♦❞✉✐t s❡r❛✐t ✐♠♣❧✐q✉é ❞❛♥s ❧❛ ré♣r❡ss✐♦♥
❞❡s ❊❚✱ ❧❡s s♦✉r✐s ❛✈❡❝ ✉♥ ♣❤é♥♦t②♣❡ ❞✬❤②♣♦❣♦♥❛❞✐s♠❡ ❡t ❞❡ stér✐❧✐té ♠â❧❡ ♦♥t été sé❧❡❝✲
t✐♦♥♥é❡s ✭❝♦♠♠❡ ♣♦✉r ❧❡s ♠✉t❛♥ts ❉♥♠t✸▲✱ ▼✐❧✐ ♦✉ ▼✐✇✐✷ ✮✳ ❈✐♥q ❞✐✛ér❡♥t❡s ❧✐❣♥é❡s
♦♥t ❛✐♥s✐ été ♦❜t❡♥✉❡s✳ ❙✉✐t❡ à ✉♥❡ ét❛♣❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r r❡❝❤❡r❝❤❡ ❞✬❤♦♠♦③②❣♦t✐❡✱
✉♥❡ s❡✉❧❡ ❡t ♠ê♠❡ ré❣✐♦♥ ❞❡ ✺▼❜ ❛ été ❞é✜♥✐❡ ❝♦♠♠❡ ❝♦♥t❡♥❛♥t ❧❛ ♠✉t❛t✐♦♥ ♣♦✉r ❧❡s ✺
❧✐❣♥é❡s✱ ✐♠♣❧✐q✉❛♥t q✉❡ ❝❡tt❡ ♠✉t❛t✐♦♥ ét❛✐t très ♣r♦❜❛❜❧❡♠❡♥t ♥♦♥ ✐♥❞✉✐t❡ ♣❛r ❧✬❛❣❡♥t
♠✉t❛❣è♥❡✳ ❙✉✐t❡ ❛✉ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❝♦♠♣❧❡t✱ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥ rétr♦tr❛♥s♣♦s♦♥ ❞❡
t②♣❡ ▲❚❘ ■❆P ❛ ✜♥❛❧❡♠❡♥t été ✐❞❡♥t✐✜é❡ ❝❤❡③ ❝❡s s♦✉r✐s ❤②♣♦❣♦♥❛❞✐q✉❡s ❞❛♥s ❧❡ ❞❡r♥✐❡r
✶✶✶
✸✳✷✳ ❉◆▼❚✸❈ ♣r♦tè❣❡ ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❞❡ ❧✬❛❝t✐✈✐té ❞❡s tr❛♥s♣♦s♦♥s
✐♥tr♦♥ ❞✬✉♥ ❣è♥❡ ❛♣♣❡❧é ●♠✶✹✹✾✵✳ ❈❡ ❞❡r♥✐❡r ét❛✐t ❛♥♥♦té ❝♦♠♠❡ ✉♥❡ ❞✉♣❧✐❝❛t✐♦♥ ❡♥
t❛♥❞❡♠ ♥♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡ ❉♥♠t✸❇✳ ❈❡♣❡♥❞❛♥t✱ ❏♦❛♥ ❛ ♣✉ ❞é♠♦♥tr❡r q✉❡ ❧❡ ❣è♥❡
●♠✶✹✹✾✵ ❡st ❡①♣r✐♠é ❧♦rs ❞❡ ❧❛ s♣❡r♠❛t♦❣❡♥ès❡ ❡t s♦♥ ♣r♦❞✉✐t ❛ ✉♥❡ ❛❝t✐✈✐té ❞❡ ❞❡
♥♦✈♦ ♠ét❤②❧tr❛♥s❢ér❛s❡✳ ❈❡ ♣s❡✉❞♦❣è♥❡ ❛ ❛❧♦rs été r❡♥♦♠♠é ❉♥♠t✸❝✳
❆✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ❝✐❜❧❡s ❞❡❉♥♠t✸❝✱ ❥✬❛✐ ❝♦♠♣❛ré ❧❡s ♣r♦✜❧s ❞❡ ♠ét❤②❧❛t✐♦♥ ✭❲●❇❙✮
❡t ❞✬❡①♣r❡ss✐♦♥ ✭❘◆❆✲s❡q✮ ❞❡s s♦✉r✐s ♠✉t❛♥t❡s ❡t s❛✉✈❛❣❡s✳ ▲✬❡①♣r❡ss✐♦♥ ❞❡s ❢❛♠✐❧❧❡s
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛ été q✉❛♥t✐✜é❡ ❡♥ r❡♣♦rt❛♥t t♦✉s ❧❡s ❛❧✐❣♥❡♠❡♥ts ✈❛❧✐❞❡s
✭❛❧✐❣♥❡♠❡♥t ❛✈❡❝ ❇♦✇t✐❡✮ ❡t ❡♥ ❧❡s ♣♦♥❞ér❛♥t✳ ▲❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✐ss✉❡s ❞✉
❲●❇❙ ♦♥t été ❛❧✐❣♥é❡s ❛✈❡❝ ❇✐s♠❛r❦✱ ♦✉t✐❧ ❞é❞✐é à ❧✬❛❧✐❣♥❡♠❡♥t ❞❡ ❝❡ t②♣❡ ❞❡ ❞♦♥♥é❡s✱
❡♥ r❡t♦✉r♥❛♥t ❧❡s ❛❧✐❣♥❡♠❡♥ts ✉♥✐q✉❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✳ ❆✜♥ ❞❡ ♠❡ttr❡ ❡♥
❧✉♠✐èr❡ ❧❛ s♣é❝✐✜❝✐té ❞❡ ❉♥♠t✸❝✱ ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❝♦♠♣❧❡ts ✭❧♦♥❣✉❡✉r ❃ ✺ ❦❜✮
♦♥t été ✉t✐❧✐sés ❛✜♥ ❞❡ r❡♣rés❡♥t❡r ❧❛ ♠ét❤②❧❛t✐♦♥ ♠♦②❡♥♥❡ ❧❡ ❧♦♥❣ ❞❡ ❧❡✉r séq✉❡♥❝❡✳
▲❡ ♥♦♠❜r❡ ❞❡ ♠✉t❛t✐♦♥s ♣❛r r❛♣♣♦rt à ❧❛ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s✱ ✐♥❢♦r♠❛t✐♦♥ ❢♦✉r♥✐❡ ♣❛r
❘❡♣❡❛t▼❛s❦❡r✱ ❛ ❛✉ss✐ ✉t✐❧✐sé ♣♦✉r ❡st✐♠❡r ❧✬â❣❡ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✳
▲❡ ♣❤é♥♦t②♣❡ ♠♦❧é❝✉❧❛✐r❡ ♦❜t❡♥✉ ❛ été ❝❛r❛❝tér✐sé ❝♦♠♠❡ ét❛♥t ✐❞❡♥t✐q✉❡ à ❝❡❧✉✐
♦❜s❡r✈é ♣♦✉r ❧❡s ♠✉t❛♥ts ❉♥♠t✸❧✱ ❛✈❡❝ ✉♥❡ ré✲❡①♣r❡ss✐♦♥ ❡t ✉♥❡ ❤②♣♦♠ét❤②❧❛t✐♦♥ ❞❡s
rétr♦tr❛♥s♣♦s♦♥s ❞❡ t②♣❡ ▲■◆❊✶ ❡t ▲❚❘✳ ▲❡ ♠ét❤②❧♦♠❡ ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ❛ ♣❡r♠✐s
❞✬✐❞❡♥t✐✜❡r ✉♥❡ ❤②♣♦♠ét❤②❧❛t✐♦♥ s♣é❝✐✜q✉❡ ♣♦✉r ❧❡s é❧é♠❡♥ts ❧❡s ♣❧✉s ❥❡✉♥❡s ❛✉ ♥✐✈❡❛✉
❞❡ ❧❛ ré❣✐♦♥ ♣r♦♠♦tr✐❝❡✳ ▼❛❧❣ré s♦♥ ❝❛r❛❝tèr❡ ❡ss❡♥t✐❡❧ ♣♦✉r ❧❛ ❢❡rt✐❧✐té ❞❡s s♦✉r✐s ♠â❧❡s✱
✐❧ s✬❡st ❛✈éré q✉❡ ❉♥♠t✸❝ ♥✬❡st ♣rés❡♥t q✉❡ ❞❛♥s ❧❛ s✉♣❡r✲❢❛♠✐❧❧❡ ❞❡s ▼✉r♦✐❞❡❛✳ ❈❡tt❡
♦❜s❡r✈❛t✐♦♥ s♦✉❧è✈❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s ❊❚ ❞❛♥s ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡ ♠â❧❡
❝❤❡③ ❞❡s ❡s♣è❝❡s q✉✐ ♥✬♦♥t ♣❛s ❝❡ ❣è♥❡✱ ❝♦♠♠❡ ❧✬❡s♣è❝❡ ❤✉♠❛✐♥❡✳
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◥DNA METHYLATION
The DNA methyltransferase DNMT3C
protects male germ cells from
transposon activity
Joan Barau,1 Aurélie Teissandier,1,2 Natasha Zamudio,1* Stéphanie Roy,3
Valérie Nalesso,4,5,6 Yann Hérault,4,5,6 Florian Guillou,3 Déborah Bourc’his1
DNA methylation is prevalent in mammalian genomes and plays a central role in the
epigenetic control of development.The mammalian DNA methylation machinery is thought
to be composed of three DNA methyltransferase enzymes (DNMT1, DNMT3A, and DNMT3B)
and one cofactor (DNMT3L). Here, we describe the discovery of Dnmt3C, a de novo DNA
methyltransferase gene that evolved via a duplication of Dnmt3B in rodent genomes and was
previously annotated as a pseudogene.We show that DNMT3C is the enzyme responsible for
methylating the promoters of evolutionarily young retrotransposons in the male germ line
and that this specialized activity is required for mouse fertility. DNMT3C reveals the plasticity
of themammalianDNAmethylation systemand expands the scope of themechanisms involved
in the epigenetic control of retrotransposons.
G
enome defense via transcriptional silenc-
ing of transposable elements has been
proposed to be a driving force for the
evolution of DNAmethylation (1). Retro-
transposons occupy half of mammalian
genomic space, and their control is of paramount
importance in the germ line: Their activity can
damage the hereditary material with an impact
on fertility and the fitness of subsequent genera-
tions (2). In mammals, after germline epigenet-
ic reprogramming, small RNA-directed DNA
methylation establishes life-long epigenetic si-
lencing of retrotransposons during the perinatal
period of spermatogenesis (3). Piwi-interacting
RNAs (piRNAs) are the cleavageproducts of retro-
transposon transcripts and guide DNA methyla-
tion to the promoters of these elements through
homology recognition (4, 5). Mammals have spe-
cifically evolved a catalytically inactiveDNAmethyl-
transferase (DNMT) cofactor,DNMT3L, which acts
downstream of the piRNA pathway (6, 7). The
inactivation of DNMT3L or PIWI-pathway pro-
teins invariably results in hypomethylation and
reactivation of retrotransposons, meiotic failure,
azoospermia, and male sterility marked by small
testis size (hypogonadism) (8).
To gain insights into the biology of retrotrans-
poson silencing in the germ line, we screened a
collection of hypogonadal male mice generated
throughN-ethyl-N-nitrosourea (ENU)mutagenesis
for ectopic retrotransposon activity (fig. S1, A and
B). Five independent positive lines were obtained,
but all showed linkage to the same genomic
interval on chromosome 2 (fig. S1C), suggesting
that they shared a spontaneous, ENU-independent
mutation. Whole-genome sequencing revealed a
de novo insertion of an IAPEz element, a subclass
of inracisternalA-particle (IAP) retrotransposon, in
the last intron of the Gm14490 gene (Fig. 1A and
fig. S1, D to F). Gm14490 maps 9 kilobases (kb)
SCIENCE sciencemag.org 18 NOVEMBER 2016  VOL 354 ISSUE 6314 909
Fig. 1. Gm14490 encodes a male germ cell–
specific de novo DNAmethyltransferase, DNMT3C.
(A) Structure of Gm14490 (Ensembl 2011) and po-
sition of the IAPEz insertion (antisense orienta-
tion). RACE and RNA-seq analysis of E16.5 and
P10 testis identifies a long isoform with coding
potential (ATG, green triangle). (B) Gm14490 is de-
tected in testis by reverse transcriptionquantitative
polymerase chain reaction (RT-qPCR), but not in
germ celldepleted testis from Dnmt3LKO/KO ani-
mals. Tissues from 10-week-old mice, unless other-
wise specified. (C) RT-qPCR of the two Gm14490
isoforms during testis development. Predominant
germ cell populations are represented. Primordial
germ cells (PGC), spermatogonial stem cells (SSC),
and spermatogonia (Spg). (D) DNMT3C shows
characteristics of DNMT3 proteinsconserved
methyltransferase (MTase) motifs and an ADD do-
main, but no PWWP domain. (E) RNA-seq support-
ing wild-type and mutant Dnmt3C IAP splicing
events in E16.5 testis. (F) LUminometric methyla-
tion assay (LUMA) of global CpG methylation in
Dnmt-tKO ESCs that transiently express Dnmt3C-
and Dnmt3B-3XFLAG alleles. Data are mean ±
SD from three technical replicates in (B) and (C)
and from three biological replicates in (F). nd, not
detectable.
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downstream of the Dnmt3B gene and was an-
notated as a nonfunctional tandemduplication of
Dnmt3B, based on lack of transcription and recog-
nizable open reading frames (ORFs) (9).
We found that Gm14490 was exclusively ex-
pressed in male germ cells (Fig. 1B and fig. S2A).
Using RNA sequencing (RNA-seq) and rapid am-
plification of cDNA ends (RACE), we annotated
two transcript isoforms, whose expression was
tightly regulated during spermatogenesis (Fig. 1,
A and C). The short, noncoding isoform was ex-
pressed in postnatal testes. However, the long iso-
form (2.8 kb) possessed a 709-codon ORF, and its
expression sharply peaked around embryonic
day 16.5 (E16.5), coinciding with male germline
de novo DNAmethylation (5, 10). In comparison,
Dnmt3B is expressed in germ cells, early embryos,
and somatic tissues of both sexes (11, 12). Using
discriminating primers, we showed independent
regulation ofDnmt3B and Gm14490 during sper-
matogenesis (fig. S2B). The coding potential and
specific developmental regulation of Gm14490
led us to reconsider it as a functional paralog of
Dnmt3B rather than a pseudogene, and thus we
renamed it Dnmt3C.
The long Dnmt3C isoform encodes a protein
with an organization characteristic of DNMT3
enzymes: six methyltransferase motifs (I, IV, VI,
VIII, IX, and X) in C-terminal position and an
N-terminal ATRX-DNMT3L-DNMT3A (ADD) do-
main, which binds unmethylated lysine 4 resi-
dues of histone H3 (H3K4) (Fig. 1D and fig. S2C)
(13). However, DNMT3C lacks the Pro-Trp-Trp-
Pro (PWWP) domain, which targets DNMT3 pro-
teins to gene bodies through recognition of
H3K36 trimethylation (H3K36me3) (14, 15). Over-
all, DNMT3C exhibits 70% identity with DNMT3B,
while DNMT3A and DNMT3B are 46% identical.
In hypogonadalmutants, the IAP insertion did not
affect Dnmt3C transcript levels but provided an
alternative splice acceptor site, which led to the
exclusion of Dnmt3C last exon in favor of the
retrotransposon sequence in a chimeric Dnmt3C-
IAPmRNA (Fig. 1E and fig. S2, D and E). Its pre-
dicted translation product lacks motifs IX and X
(fig. S2C), which are essential for the AdoMet-
dependent methyltransferase fold and for the
binding of the methyl donor S-adenosyl methi-
onine, respectively (16).
To demonstrate that DNMT3C is catalytically
active, we performed an in vivo DNA methyla-
tion assay. Dnmt3C is not expressed in mouse
embryonic stem cells (ESCs) (Fig. 1B). By trans-
fecting constructs driving Dnmt3C expression
in DNAmethylation-free ESCs (Dnmt1, Dnmt3A,
and Dnmt3B triple-knockout; Dnmt-tKO) (17), we
observed a gain of CpG methylation (10 to 20%),
similar to that observed upon Dnmt3B transfec-
tion (Fig. 1F and fig. S2, F and G). The mutant
Dnmt3C
IAP
allele failed to raise CpGmethylation
levels, as didDnmt3C andDnmt3Bmutant alleles
with a missense mutation in the catalytic site
(DNMT3C C507A and DNMT3BC658A, in which
cysteine at position 507 and 658 is replaced by
alanine). An in vitroDNAmethylation assay using
the DNMT3Cmethyltransferase domain showed
concordant results (fig. S2,H and I). These findings
demonstrate that DNMT3C is an enzymatically
active member of the DNMT3 family of de novo
DNA methyltransferases.
Dnmt3C
IAP/IAP
animalswere somaticallynormal,
and only males were sterile (fig. S3A). Hypo-
gonadism was linked to azoospermia with inter-
ruption of spermatogenesis at the pachytene stage
of meiosis I, in the context of impaired chromo-
some synapsis (Fig. 2, A to C). The developmental
phenotype ofDnmt3Cmutantmice was similar to
that observed in Dnmt3L
KO/KO
males (7, 18), sug-
gesting that DNMT3C could be involved in trans-
poson silencing during spermatogenesis. Indeed,
the same set of retrotransposonswereup-regulated
inDnmt3C
IAP/IAP
andDnmt3L
KO/KO
testes at P20
(postnatal day 20) (Fig. 2D and fig. S3B) (18). Long
interspersed nuclear elements (LINEs or L1s)
showed the strongest reactivation, and more
specifically evolutionarily young subfamilies: type
A, T, and Gf transcripts were increased by 10-fold
in Dnmt3C
IAP/IAP
testes, in association with ac-
cumulation of L1-encodedORF1 proteins (Fig. 2E).
Among endogenous retroviruses (ERVs), reac-
tivation was specific to some ERVK families
(MMERVK10C, IAPEz, and IAPEy). As in the
case of the Dnmt3L mutation, L1 and IAPEz de-
repression was linked to a DNA methylation
defect in Dnmt3C
IAP/IAP
testes (Fig. 2F), despite
normal expression of piRNA/DNA methylation
genes and piRNA production during fetal sper-
matogenesis (fig. S3, C to F). Finally, we con-
firmedDNMT3C function by generating aDnmt3C
knockout mouse through CRISPR-Cas9mediated
deletion (fig. S4A). TheDnmt3C
KO
allele recapitulated
theDnmt3C
IAP/IAP
developmental andmolecular
phenotypes in homozygous Dnmt3C
KO/KO
males
and failed to complement the Dnmt3C
IAP
allele
in Dnmt3C
IAP/KO
compound heterozygous males
(fig. S4, B to E).
To assess the contribution of DNMT3C to
male germlinemethylation, we performedwhole-
genome bisulfite sequencing (WGBS) in sorted
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Fig. 2. Phenotype of Dnmt3C IAP/IAPmales. (A) Hypogonadism (6-week-old mice). Scale bars, 5 mm.
(B) Severe germ cell loss in testis sections (11-week-old mice). Scale bars, 100 mm. (C) Impaired chro-
mosome synapsis at meiosis as detected by immunofluorescence against synaptonemal complex
proteins (SYCP1 and SYCP3). Scale bars, 4 mm. (D) RNA-seq heatmap shows overexpression of young L1
and specific ERVK types in Dnmt3C IAP/IAP compared to Dnmt3C IAP/WT testis at P20. Annotations from
RepeatMasker. (E) Aberrant expression of L1-ORF1 proteins in Dnmt3C IAP/IAPgerm cells (TRA98-positive)
at P20. Scale bars, 50 mm. (F) L1A-5UTR and IAPEz-5LTR are hypomethylated in Dnmt3C IAP/IAP testis
DNA at P20, as inDnmt3LKO/KO testis. Southern blot analysis aftermethyl-sensitive Hpa II digestion. Msp I
is used as a digestion control.
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germ cells from testes at P10, when de novo DNA
methylation is completed. Overall CpG methyla-
tion levels ofDnmt3C
IAP/IAP
mutant cells were not
markedly different from the Dnmt3C
IAP/WT
con-
trol (77.7 versus 78.5%). A slight decrease was only
apparent when focusing on transposons (81.5
versus 84.2%), and more specifically on LINEs,
ERVK, and ERV1 (Fig. 3, A and B). Accordingly,
there was only a limited number (264) of differen-
tially methylated regions (DMRs) inDnmt3C
IAP/IAP
versus Dnmt3C
IAP/WT
germ cells (fig. S5A); all
reflected hypomethylation in the mutant, and
most overlapped with LINEs (34%) and ERVs
(48%). RepeatMasker annotations further high-
lighted that the same families that were tran-
scriptionally derepressed were hypomethylated
in Dnmt3C
IAP/IAP
testes; namely, young L1s and
specific ERVKs (Fig. 2D and Fig. 3C). By com-
parison, deletion of DNMT3L had a stronger
and broader impact: Dnmt3L
KO/KO
germ cells
exhibited only 39% of global CpG methylation,
and all genomic compartments and retrotrans-
poson classes were affected (Fig. 3, D and E, and
fig. S5B).
The DNA methylation defect in Dnmt3C mu-
tants only reached 30% at themost for young L1s
(Fig. 3C). We reasoned that DNMT3C selectively
affects transcriptionally active retrotransposon
copies, as these are targets of piRNA-dependent
DNA methylation during fetal spermatogenesis
(4, 5). Indeed, individual L1-A and -T elements
with a 5 promoter (length >5 kb) and the highest
similarity toward the consensus sequence showed
the greatestDNAmethylation loss inDnmt3C
IAP/IAP
cells (Fig. 3F and fig. S4C). Additionally, DNMT3C-
dependent DNAmethylation was not evenly dis-
tributed across the length of these transcriptionally
competent elements, but rather focalized to their
promoters [5 untranslated region (UTR)] (Fig.
3G), in a pattern previously observed in piRNA-
deficientMili
KO/KO
males (fig. S5D) (4). Older L1-F
elements did not show such trends (Fig. 3F and
fig. S5C). By contrast,Dnmt3L deficiency caused
demethylation of L1s independently of their age
and throughout their sequence (Fig. 3H).
ERVKs exhibited milder methylation loss
(10%) than LINEs in Dnmt3C
IAP/IAP
cells (Fig.
3C), and this was not related to the size or the
sequence conservation of individual copies (fig.
S5, C and E). ERVKs partially resist the genome-
wide erasure of methylation that occurs in the
SCIENCE sciencemag.org 18 NOVEMBER 2016  VOL 354 ISSUE 6314 911
Fig. 3. DNMT3Cmethylates evolution-
arily young retrotransposon promo-
ters. (A and B) Tukey box-plot
representation of CpGmethylation con-
tent as determined by WGBS over
different (A) genomic compartments
and (B) retrotransposon classes in con-
trol Dnmt3C IAP/WT (purple) and mutant
Dnmt3C IAP/IAP (yellow) germ cells at
P10. (C) Percentage of DNA methylation
loss within individual retrotransposon
families in Dnmt3C IAP/IAP samples.
(D and E) As in (A) and (B) but for
Dnmt3LKO/WT (green) and Dnmt3LKO/KO
(red) germ cells. (F) Plotting of DNA
methylation loss over individual copies
of L1 families according to genetic dis-
tance from consensus sequences.
(G andH) Metaplots of DNAmethylation
over full-length L1s (>5 kb) comparing
(G) Dnmt3C IAP/IAP and (H) Dnmt3LKO/KO
versus control samples. (I) Left: Heat-
map of Dnmt3C IAP/IAP and control DNA
methylation levels across paternally
imprinted loci. Right: Methylation maps
at the Rasgrf1 locus.
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fetal germ line (19, 20); this likely explains their
limited dependency toward DNMT3C remethyla-
tion activity. Nevertheless, DNMT3Cdependency
was still greatest over regulatory long-terminal
repeat (LTR) sequences ofMMERVK10C (fig. S5F)
and IAPEz elements when highly conserved copies
were analyzed by bisulfite pyrosequencing (fig.
S4E). Finally, among paternally methylated im-
printed loci, only the Rasgfr1 imprinting control
region (ICR)washypomethylated inDnmt3C
IAP/IAP
germ cells (Fig. 3I). This ICR includes an ERVK
LTR fragment, which acquires DNAmethylation
in a piRNA-dependentmanner during spermato-
genesis (21). This highlights again the genomic
convergence between piRNA and DNMT3C tar-
geting in fetal male germ cells.
DNMT3C is highly specialized at methylating
young retrotransposon promoters in the male
germ line. In comparison,DNMT3B is not involved
in germ cell development but establishes somatic
methylation patterns genome-wide in the early
embryo (11, 22, 23). DNMT3Chas therefore evolved
its own regulatory pattern and genomic targets,
which have diverged from the ancestral DNMT3B
copy. Despite the strict requirement of DNMT3C
in the mouse, the Dnmt3C duplication is not uni-
versal among mammals but occurred ~46million
years ago in the last common ancestor of the
muroid rodents (Fig. 4, A and B, and fig. S6, A
and B). These represent the largest mammalian
superfamily, with 1518 species accounting for
28% of all extant mammals (fig. S5C) (24), and
include the two primary models for biomedical
research, particularly in reproduction and endo-
crinology: the mouse and the rat. The genomes
ofMuroidea carry a heavy burden in young trans-
posons: 25% have integrated in the last 25 million
years with currently thousands of active copies
(25). In comparison, most human transposons
became extinct during that time (26).
The lack of transposon methylation defects in
the germ cells of Dnmt3A or Dnmt3B mutant
mice had been previously interpreted as a sign
of functional redundancy between these two
enzymes (23, 27). We show here that this func-
tion relies insteadonanadditional denovoDNMT.
ThemammalianDNAmethylationmembers should
now be considered as a quintet: DNMT1, 3A, 3B,
3C, and 3L. The two most recent evolutionary
additions are linked to reproduction: The euthe-
rian DNMT3L cofactor stimulates germlinemeth-
ylation genome-wide, and the muroid DNMT3C
enzyme methylates young retrotransposons dur-
ing spermatogenesis. Future research should re-
solve the biochemicalmechanism that designates
specific sequences for DNMT3C-dependent DNA
methylation. Its PWWP-free statusmay prevent it
from targeting H3K36me3-enriched gene bodies
and redirect it to retrotransposon promoters.
In conclusion, our discovery of DNMT3C raises
a new set of challenges to the current views of
the remarkable evolution of DNA methyltrans-
ferases, the regulation of the de novo methyl-
ation process, and its tight links with the selective
pressure to epigenetically control transposons in
the germ line.
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Fig. 4. Phylogenetic dis-
tribution of Dnmt3C.
(A) Locus organization and
synteny around the Dnmt3B
(blue) and Dnmt3C (red)
genes in human, rabbit,
mouse, and rat genomes.
(B) Dnmt3C distribution in
the mammalian phyloge-
netic tree with a focus on the
Rodentia order. Species in
detail have available
sequenced genomes. Red
branches: Muroidea families
in which Dnmt3C was iden-
tified; dashed branches:
Muroidea families without
available genome sequence.
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MATERIAL and METHODS 
 
ENU screen and genetic mapping 
The N-ethyl-N-nitrosourea (ENU) mutagenesis screen for detection of recessive 
mutations was conducted at the Institut de Transgénose-Orléans, France (agreement 
number: C45-234-6) using the C3HeB/FeJ mouse strain, as described previously (28). 
Briefly, five lines (231, 232, 233, 237 and 238) were identified at the third generation of 
the screen (G3) based on the observation of reduced testis weight in 8-week old males 
upon surgery. Homozygosity mapping of mutations from four lines (232, 233, 237 and 
238) was performed by introgression of the mutant background into the C57BL/6J strain 
with the scoring of the hypogonadism phenotype at 8-week of age along with the 
presence of genomic regions C3HeB/FeJ-homozygous for a set of polymorphic markers 
between C3HeB/FeJ and C57BL/6J. The lines 232, 233, 237 and 238 were all genetically 
linked to a common 5Mb interval of chromosome 2 flanked by markers D2MIT260 and 
D2MIT286; failure to individually genetic complement each other indicated that the four 
lines shared the same mutation. Mapping to the same chromosome 2 interval was 
confirmed by PCR for line 231. 
 
Mice and tissue collection 
Dnmt3L-KO mice were previously described (7, 29). The Dnmt3C-IAP mice were 
imported from the Institut of Trangenose-Orléans (see above). Dnmt3C-KO mice were 
derived by CRISPR/Cas9-mediated engineering of a 293 bp deletion spanning exon 15 
(fig. S3C). Injection of Cas9 mRNA and two sgRNAs was performed in one-cell stage 
embryos by the Transgenesis Platform of the Institut Curie, according to published 
protocols (30). Wildtype C57Bl/6J mice were purchased from Charles River. All mice 
were hosted on a 12h /12h light/dark cycle with food and water ad libitum in the 
pathogen-free Animal Care Facility of the Institut Curie-Paris, France (agreement 
number: C 75-05-18). All experimentation was approved by the Institut Curie Animal 
Care and Use Committee and adhered to European and National Regulation for the 
Protection of Vertebrate Animals used for Experimental and other Scientific Purposes 
(Directive 86/609 and 2010/63).  
For tissue and embryo collection, euthanasia was performed by cervical 
dislocation. Prenatal time points were obtained by following timed pregnancies where the 
following day post coitum was considered embryonic day E0.5. Postnatal time points 
were measured starting from birth, considering the first postnatal day as P1. 
 
Mouse embryonic stem cells (ESCs) 
Triple DNA methyltransferase knockout (Dnmt1 
-/-
, Dnmt3A 
-/-
, and Dnmt3B 
-/-
; Dnmt-
tKO) ESCs were a gift from M. Okano-RIKEN Kobe, Japan (17). Dnmt-tKO ESCs were 
seeded in feeder-free conditions on gelatin-coated plates and grown in standard serum-
based medium: Glasgow medium (Sigma), 15% FBS (Gibco), 2mM L-Glutamine, 
0.1mM MEM non essential amino acids (Gibco), 1mM sodium pyruvate (Gibco), 0.1mM 
β-mercaptoethanol, 1000U/mL leukemia inhibitory factor (LIF, Miltenyi), with daily 
changes and passages at 70% confluence. Mycoplasma-free status was assessed using the 
VenorGeM Classic Mycoplasma Detection Kit (Minerva Biolabs). 
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Whole genome sequencing (WGS) and mutation identification 
Genomic DNA from the tail of an 8-week old hypogonadal male (line 237) was isolated 
using GenElute Mammalian Genomic DNA Miniprep (Sigma). The high-throughput 
sequencing library containing DNA fragments of 400bp was prepared from 2µg of DNA 
using the TruSeq DNA PCR-Free LT Library Preparation Kit (Illumina). The library was 
100bp paired-end sequenced on a HiSeq 2500 (Illumina) at the NGS Platform of the 
Institut Curie. WGS raw reads were mapped onto the mouse reference genome 
(GRCm38/mm10) using BWA mem v0.7.5a (31) with default parameters. Mapped reads 
from the wildtype C3H/HeJ strain were downloaded from the Release 1407 of the Sanger 
Mouse Genomes Project (32). Identification of putative genetic variants associated with 
the phenotype was performed on wildtype and mutant WGS tracks using Integrated 
Genome Viewer (IGV) (33) by visual inspection of the genomic interval of interest on 
chromosome 2. Putative variants identified on WGS reads were confirmed by PCR 
amplification from mutant and wildtype DNA followed by Sanger sequenced either 
directly or after cloning into pCR-XL-TOPO (Thermo Fisher Scientific). The only 
identified variant with an intragenic position was an antisense IAPEz insertion into the 
last intron of the Gm14490 gene (gene annotation only present in the 2011 version of 
Ensembl). Primers used for PCR amplification and cloning of the IAPEz insertion are 
described in Table S1. 
 
Histological sections and immunofluorescence microscopy 
For histological sections, testes from 11-week old males were dissected, fixed for 6h in 
Bouin’s fixative (Sigma) and washed with 70% ethanol. Testes were paraffin-embedded, 
sectioned (8 µm) and stained with Hematoxylin using standard protocols. For 
cryosections, testes at E16.5 or P20 were dissected, fixed overnight in 4% 
paraformaldehyde at 4°C, washed in 1X PBS, followed by two consecutive overnight 
incubations in 15% and 30% sucrose at 4°C, respectively. Testes were embedded in 
O.C.T. compound (Tissue-Tek), 8-10 µm thick sections were cut and spotted onto 
Superfrost Plus slides (Thermo Fisher Scientific). For immunofluorescence detection, 
slides were brought to room temperature (RT), and then blocked and permeabilized for 
1h (10% horse serum, 3% BSA and 0.2% Triton). Sections were incubated with rabbit 
anti-mouse L1-ORF1 (Dr. A. Bortvin, Carnegie Institute), or rabbit anti-mouse C-
terminus of DNMT3L (Dr. S. Tajima, Osaka University), rabbit anti-mouse MILI 
(Abcam, ab36764), and rat anti-mouse TRA98 (Abcam, ab82527) antibodies at 4°C 
overnight, followed by 1X PBS washes and 2h incubation with Alexa Fluor-conjugated 
secondary antibodies. Slides were mounted with ProLong Gold Antifade with DAPI 
(Molecular Probes). Immunofluorescence detection of 3XFLAG-tagged DNMT3C or 
DNMT3B was performed by immobilizing mESCs onto polylysine-coated coverslips, 
followed by fixation in 4% paraformaldehyde at room temperature for 20 minutes, and 3 
washes of 1X PBS. Antigen blocking, permeabilization, and immunodetection was 
performed as described above using mouse monoclonal anti-FLAG M2 (Sigma, F6165). 
Meiotic chromosome spreads were prepared as described previously (34). 
Immunofluorescence against the components of the synaptonemal complex was 
performed as described above using rabbit anti-mouse SYCP1 (Abcam, ab15090) and 
mouse monoclonal anti-SYCP3 (Abcam, ab97672) antibodies, with the exception that 
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final washes were performed in 0.4% Photo-Flo (Kodak). All images were acquired using 
an inverted laser-scanning confocal microscope LSM 7000 (Zeiss). 
 
Germ cell purification 
Germ cells were purified by fluorescent activated cell sorting (FACS) in a BD FACSaria 
II (BD Biosciences) with slight modifications from previously published protocols (35). 
Briefly, testes were dissected from P10 males, decapsulated and transferred into 15ml 
conical tubes containing 3ml of 10mg/ml type IV Collagenase (Gibco, 17104-019) in 
DMEM medium. Dissociation was achieved at 37ºC for 15min with up-and-down 
pipetting with a wide-bore glass Pasteur pipette. Testis cell suspensions were centrifuged 
at 182g /4ºC /5min, resuspended in 1ml of TrypLE Express (Gibco, 12605-010), 
incubated at 37ºC for 15min and finally washed two times in 500 µl FACS buffer (1X 
PBS with 1% IgG-free BSA). To purify germ cells, testis cells were incubated 20min on 
ice in 500µl FACS buffer containing 1.75µg of rat anti-mouse EpCAM antibody 
conjugated with Alexafluor 647 (Biolegend, 118212) and 4µg of mouse anti-β-2 
Microglobulin monoclonal antibody conjugated with PE (Santa Cruz, SC-32241 PE). 
Cells were spun and washed one time in 500µl of FACS buffer followed by preparation 
for FACS sorting – which includes filtering through a 40µm mesh - in 500µl of FACS 
buffer containing 3µg of DAPI. Compensation controls were always applied using 
wildtype material, and FACS gates were set to collect live germ cells (DAPI negative; β-
2 Microglobulin low; EpCAM high) and live testicular somatic cells (DAPI negative; β-2 
Microglobulin high; EpCAM low). For each FACS experiment, 2000 events were 
directly sorted onto a Superfrost Plus microscopy slide (Thermo Fisher Scientific) to 
evaluate germ cell purity by immunofluorescence with an rat antibody against the mouse 
germ cell-marker TRA98 (Abcam, ab82527). Germ cell enrichment was consistently 
above 99%. 
 
in cellula DNA methylation assay 
Dnmt3C (long isoform; Table S2) and Dnmt3B (long isoform; transcript variant 5, 
RefSeq NM_001122997.2) open reading frames (ORF) were PCR amplified from mouse 
E16.5 testes and ESC cDNAs, respectively. Dnmt3C 
IAP
 ORF was PCR amplified from 
E16.5 Dnmt3C 
IAP/IAP
 testis cDNA. Products were cloned into pCR 4Blunt-TOPO 
(Thermo Fisher Scientific) and Sanger sequenced. Missense mutations to abolish the 
catalytic site (DNMT3C C507A and DNMT3B C658A) were introduced by overlapping 
PCR amplification with primers containing the sequence alteration, and assembled in the 
final vector by standard Gibson Cloning (36). We used Gibson assembly to build a 
pBluescript-derived plasmid containing a CAG promoter-driven expression cassette 
constituted of homology arms for integration into the Rosa26 locus; CAG promoter; N-
terminal targeted 3XFLAG coding sequence; entry site for in-frame cloning of ORFs; 
P2A coding spacer followed by in-frame Zeocin resistance marker. Plasmids and primer 
sequences for cloning are available upon request. 
In order to experimentally assay the de novo methylation capability of cloned 
Dnmt3 alleles, five million methylation-free Dnmt-tKO ESCs were transfected with 1–3 
µg of plasmid using Amaxa 4D-Nucleofector (Lonza). Rosa26 targeting was achieved by 
co-transfection with plasmids containing expression cassettes for specific zinc finger 
nucleases as described previously (37). Transient expression experiments were obtained 
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by seeding high-density plates in triplicates and collecting cells 48h after transfection for 
DNA and protein extraction. Stable expression experiments were obtained by seeding at a 
low density under Zeocin selection at 50µg/ml, and picking individual clones that were 
split-divided, genotyped by PCR, and confirmed by Sanger sequencing. Three positive 
clones were expanded, and cells were collected for DNA and protein extraction. DNA 
from the three biological replicates of both transient and stable expression experiments 
was used for quantifying global CpG methylation by LUMA as described below (DNA 
methylation analyses). Protein levels were assayed in pooled biological replicates of both 
transient and stable expression experiments by western blot detection of N-terminal 
FLAG tags. Briefly, DNMT-FLAG protein levels were evaluated by western blotting 
performed on total protein extracted from cells pooled from three biological replicates. 
10µg of proteins per sample were separated in SDS-PAGE electrophoresis, transferred 
onto nitrocellulose membranes using a Trans-Blot Turbo Transfer System (Biorad). After 
blocking in 1X PBS with 5% skim milk, membranes were incubated with mouse 
monoclonal anti-FLAG M2 (Sigma, F6165) or rabbit anti-mouse LAMIN B1 (Abcam, 
ab16048) antibodies. Following washes and incubation with HRP-conjugated secondary 
antibodies (Amersham ECL NA9340 and NA931), signal was detected using ECL Prime 
Kit (Amersham) and ImageQuant Las-4000 Mini Biomolecular Imager (GE Healthcare). 
 
In vitro DNA methylation assay 
In vitro activity assays were conducted using the DNMT Activity/Inhibition Assay 
(Active Motif), where cytosine methylation of immobilized CpG-dense oligonucleotides 
is immunodetected by an ELISA-based method utilizing the methyl CpG binding domain 
(MBD) protein. Purified proteins were obtained according to standard methods 
previously described (38). Briefly, the regions coding for the methyltransferase domains 
of Dnmt3C, Dnmt3C C507A, and Dnmt3B were cloned into a modified pGEX-6p-1 
vector, transformed into Rosetta 2 pLysS competent cells (Novagen), and the GST-fusion 
proteins were expressed by overnight induction at 16ºC in presence of 0.2 mM IPTG. 
Protein extraction and purification followed recommended protocols for affinity 
purification using Glutathione Sepharose 4 Fast Flow packed into gravity flow columns 
(GE Healthcare). Eluted proteins were concentrated into storage/assay buffer (20mM 
Tris-HCl pH 8.0, 250mM NaCl, 5% glycerol and 0.1% 2-mercaptoethanol), and purity 
was estimated to be >80% based on Comassie G-250 stained 10% SDS-PAGE gels.  
 
RNA expression analyses  
Total RNA was extracted using Trizol (Thermo Fisher Scientific), and DNase-treated 
with the Qiagen RNase-Free DNase Set. RNA was quantified using Qubit Fluorometric 
Quantitation (Thermo Fisher Scientific), and checked for integrity using the Bioanalyzer 
RNA 6000 Nano Assay (Agilent Technologies). 
For RT-PCR and RT-qPCR, 1µg of RNA was reverse transcribed using 
SuperScript III (Thermo Fisher Scientific). Primers were designed using Primer 3 (39) 
and are listed in Table S1. Quantitative PCR was conducted using Power SYBR Green 
PCR Master Mix on a ViiA7 Real-Time PCR System (Thermo Fisher Scientific). Gene 
expression was calculated using the delta-delta Ct method (40) using beta-actin and Rrm2 
as normalizers. Minus RT controls were included for each collected data point.  
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Rapid Amplification of cDNA Ends (RACE) was performed using either total 
RNA from testes collected at E16.5 (pool of ten individuals) or purified mRNA from 
testes collected at P10 (pool of five individuals). Messenger RNA was purified using 
Dynabeads mRNA Purification Kit (Ambion). RACE was performed using the 
SMARTer RACE 5'/3' Kit (Clontech) according to the manufacturer’s instructions. The 
two identified Dnmt3C transcript isoforms (long and short) are described in Tables S2 
and S3. 
For RNA-seq, testes of six animals at E16.5, three animals at P10, or one animal 
at P20 were collected for each genotype, RNA-extracted and DNase-treated. RNA-seq 
libraries were cloned using TruSeq Stranded mRNA LT Sample Prep Kit on total RNA 
(Illumina) and sequencing was performed in 100bp single-end or paired-end reads run on 
a HiSeq 2500 (Illumina) at the NGS platform of the Institut Curie. For small RNA-seq, 
testes of six animals at E16.5 were collected for each genotype. Small-RNA sequencing 
was done using the Illumina HiSeq 2000 at Fasteris (http://www.fasteris.com, 
Switzerland) on libraries prepared with the Illumina TruSeq small RNA protocol from 
18-35nt RNAs size-fractionated on acrylamide gel.  
 
DNA methylation analyses 
DNA methylation analysis by Southern blotting was performed on phenol-chloroform-
extracted DNA from whole testes dissected from single P20 males. Five µg of DNA was 
digested with HpaII as a methylation-sensitive restriction enzyme or with MspI as its 
methylation insensitive isoschizomer. The 5’ LTR IAPEz and the 5’ UTR LINE-A 
probes were previously described (7). 
Bisulfite-based analyses of DNA methylation were performed on DNA from germ 
and somatic cells FACS-sorted from the testes of P10 males. DNA was extracted using 
the QIAamp DNA Micro Kit (Qiagen) and bisulfite conversion was achieved using the 
Imprint DNA modification Kit (Sigma) following the low-input protocol. CpG 
methylation at the promoter regions of IAPEz, L1-A and L1-Tf was quantified on three 
individual animals of each genotype by pyrosequencing on a PyroMark Q24 (Qiagen) 
and using the PyroMark Q24 Software 2.0, as described in (41). Whole Genome Bisulfite 
Sequencing (WGBS) was performed by Annoroad Genomics (Beijing, China). Briefly, 
DNA was purified from FACS-isolated germ cells from a pool of three animals of each 
genotype. DNA was fragmented and end-repaired to allow the ligation of methylated 
adapters according to the standard instructions (Illumina). Bisulfite conversion of DNA 
was carried out using a modified NH4SO4-based protocol and amplified by 12 cycles of 
PCR. 125bp paired-end sequencing was carried out using Illumina Genetic Analyzer 
(GA2), and raw sequencing data was using the standard Illumina base-calling pipeline 
(SolexaPipeline-1.0).  
Global CpG methylation levels of Dnmt-tKO ESCs expressing DNMT3 proteins 
was assessed using the LUminometric Methylation Assay (LUMA) (42). Briefly, 500ng 
of genomic DNA was digested with MspI/EcoRI and HpaII/EcoRI (New England 
Biolabs) in parallel reactions. EcoRI is included as an internal reference. Genome-wide 
protruding ends of the restriction digestions where quantified in a pyrosequencing 
reaction (PyroMark Q24, Qiagen, dispensation order: GTGTGTCACACAGTGTGT). 
Global CpG methylation levels were then calculated from the HpaII/MspI signal intensity 
ratio. 
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RNA-seq data analysis 
Characterization of the Dnmt3C-IAPEz fusion transcript was performed using Tophat 
v2.0.6 (43) to map the RNA-seq reads generated from Dnmt3C
IAP/IAP
 testis at E16.5, 
allowing up to five mismatches. For differential gene expression analysis, reads were 
mapped allowing up to five mismatches using Tophat v2.0.6 and RefSeq gene 
annotations. Gene-scaled quantification was performed with HTSeq v0.5.3p9 (44). To 
quantify transposon expression, reads mapping to ribosomal RNA (rRNA) sequences 
(GenBank identifiers: 18S NR_003278.3, 28S NR_003279.1, 5S D14832.1, 5.8S 
K01367.1) were first removed with Bowtie v1.0.0 allowing up to three mismatches. 
rRNA-depleted libraries were then mapped onto reference mouse genome 
(GRCm38/mm10) using Bowtie v1.0.0 allowing no mismatches and the report of up to 
10000 best alignments per read. Reads mapped inside RefSeq exons were removed. In 
order to count reads mapping to transposable elements, reads were weighted by the 
number of mapping sites and each library was intersected with the RepeatMasker 
annotations, conserving only reads with at least 80% overlap with individual annotations. 
For each library, read counts for genes and transposon annotations were combined into a 
single table, and differential expression was calculated using the DESeq R package 
v1.22.1 (45). Publicly available Dnmt3L
KO/KO
 and Dnmt3L
KO/WT
 RNA-Seq data (GEO# 
GSE57747) were analyzed in parallel (18).  
 
Small RNA-seq data analysis 
The trimmed sequencing reads of each small RNA-seq library were analyzed with 
ncPRO-seq v1.6.5 (46). Read alignment was done using Bowtie v1.0.0, allowing a sum 
of qualities of mismatching bases lower than 50 (-e 50). The reads with up to 10,000 hits 
on the genome were used for transposon analysis. 
 
WGBS data analysis 
Raw reads were cleaned by removal of reads following the criteria: containing more than 
5bp of adapter sequence on their 5' extremity; reads with 50% of bases with quality lower 
than 20 or reads with at least 10% of “N” nucleotides. Cleaned reads were aligned onto 
the mouse latest reference genome assembly (GRCm38/mm10) using Bismark v0.12.5 
(47) with Bowtie2-2.1.0 (48) using default parameters. Only reads mapping uniquely to 
the genome were kept, and methylation calls were extracted after duplicate removal by 
considering only CpG dinucleotides covered by a minimum of five reads. CpG 
methylation levels over different genomic compartments were calculated by extracting 
methylation calls with positional overlap with UCSC table browser-acquired coordinates 
for RefSeq gene annotations (“intragenic”) and the RepeatMasker database (“repeats”). 
CpG islands (“CGIs”) were defined previously (49). “Intergenic” partitions were defined 
as genomic regions that did not overlap with CGIs, intragenic regions or repeats. 
Correlations between DNA methylation loss and repeat consensus mismatch sites or 
repeat sizes were only draw for individual repeat annotations with at least five called 
CpGs. CpG methylation data metaplots were processed using deepTools v1.5.11 (50), 
and only individual element annotations with contiguous size greater than 5 kb, 6 kb and 
4.5 kb were analyzed for L1, IAPEz and MMERVK10C families, respectively. Publicly 
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available Mili
KO/KO
 and Mili
KO/WT
 WGBS data (GEO# GSE70731) were analyzed in 
parallel (4). 
Heatmap for average CpG methylation in Imprinted Control Regions (ICRs) was 
generated after retrieving ICR genomic coordinates from the WAMIDEX database (51). 
Differentially Methylated Region (DMR) calling was performed using the bioconductor 
package DSS (52) with the following parameters: a CpG methylation level difference of 
at least 30%, at least five CpGs called, minimum length of 500 bp, and at least 500 bp 
between two DMRs. Control regions were defined randomly following 1. same number 
of regions per chromosome as DMRs; 2. methylation level difference is lower than 10%; 
3. control regions contain at least five CpGs. DMRs and control regions were annotated 
based on overlap with previously described genomic features. 
 
Phylogenetic analysis and Ka/Ks ratio 
The following available genomic sequences were inspected for the presence of the 
Dnmt3C duplication: human (UCSC GRCh38/hg38 chr20:32702462-32852597), rabbit 
(UCSC Broad/oryCun2 chr4:6586356-6715208), rat (UCSC RGSC 5.0/rn5 
chr3:155479920-155629955), chinese hamster (UCSC C_griseus_v1.0/criGri1 
KE379255:956884-1112555), blind mole rat (NCBI S.galili_v1.0 scaffold1357:287,425-
465,188 gi|671670380 NW_008339987.1), lesser Egyptian jerboa (NCBI JacJac1.0 
scaffold00109:4,658,337-4,797,042 gi484384802 NW_004504421.1), and squirrel 
(UCSC Broad/speTri2 JH393295:19497436-19609577). Annotations of Dnmt3C were 
performed manually based on alignments to the mouse gene and/or in silico predictions 
using GENSCAN (http://genes.mit.edu/GENSCAN.html). Maximum parsimony 
phylogenetic reconstruction of the mammalian DNMT-family relied on the multiple 
sequence alignments of predicted amino acid of the homologous portions of the 
methyltransferase domain using MEGA (http://www.megasoftware.net/). Maximum 
Likelihood computations of Ka/Ks were conducted in MEGA7 using HyPhy software 
package involving all codon positions with the exclusion of gaps and missing data (53). 
The number of known species obtained for each of the mammalian orders and the 
Muroidea superfamily of Rodentia was published previously (54). 
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Supplementary figure legends 
 
Fig. S1. Forward genetic screen for male hypogonadism led to the identification of 
an IAP insertion in the Gm14490 gene. (A) ENU-based, G3 screen for male 
hypogonadism using mice from the C3H/HeJ strain: five hypogonadal lines were selected 
based on reduced testis weight. (B) RT-qPCR detection of L1 and IAP expression in P20 
testes of the five hypogonadal lines along with an age-matched C3H/HeJ control. (C) 
C3H/HeJ homozygosity mapping of four mutant lines (C57Bl6/J backcross) shows 
convergence to a 5Mb region on chromosome 2 (qG3-qH1 bands). The convergent 
linkage of the fifth line (231) was confirmed by PCR-based detection of SNPs. (D) 
Integrated Genome Viewer (IGV) screenshot of mapped paired-end reads from the 
whole-genome sequencing data of an hypogonadal male (line 237). Mapped reads for 
which a discordant pair maps to multiple regions of the genome are highlighted according 
the IGV color codes (lower panel). These are characteristic of an insertion of a repeated 
element not found at this position in the reference C3H/HeJ genome (upper panel). (E) 
Genomic characteristics of the IAPEz element inserted into the Gm14490 gene. (F) 
Genomic context of the IAPEz insertion with genotyping primers for the Gm14490 
IAP
 
allele. Data are mean ± SD from ten animals in (A) and three animals in (B). 
 
Fig. S2. DNMT3C is a male germline-specific de novo DNA methyltransferase. (A) 
The EBI gene expression atlas shows that Gm14490 is exclusively expressed in the testis. 
(B) Dnmt3B (blue) and the long isoform of Gm14490 (red) show distinctive expression 
dynamics during mouse spermatogenesis, as assessed by RT-qPCR using gene-specific 
primers. Note that Gm1490 is expressed at much lower levels than Dnmt3B, even at its 
highest in fetal gonads at E16.5. Predominant germ cell populations in testes at each age 
are represented. Primordial germ cells (PGC), spermatogonial stem cells (SSC) and 
spermatogonia (Spg). (C) Multiple alignment of the methyltransferase domain of 
DNMT3C (wildtype and mutant form with IAP insertion) with the known active 
members the mouse de novo DNMT3 family, DNMT3A and DNMT3B. Grey boxes: 
Conserved MTase motifs; red box: cysteine residue from the catalytic site; yellow boxes: 
residues that mediate heterodimerization with DNMT3L; red residues:  amino acid 
differences between DNMT3B and DNMT3C. The incorporation of aberrant codons 
(orange residues) derived from the IAPEz sequence disrupts part of motif IX and all of 
motif X in the predicted translation product from the Dnmt3C 
IAP
 allele. (D) Steady-state 
levels of Dnmt3C transcripts are not affected in Dnmt3C
IAP/IAP
 mutant testes at P10, as 
assessed by RT-qPCR. (E) RT-PCR confirmation of the aberrant splicing event in the 
Dnmt3C 
IAP
 allele, resulting from the integration of the IAP retrotransposon in the last 
intron. (F) LUminometric Methylation Assay (LUMA) of global CpG methylation levels 
in Dnmt-tKO ESCs stably expressing various Dnmt3C and Dnmt3B alleles (insertion at 
the Rosa26 locus). Lower panel: Immunoblot analysis of protein levels. (G) 
Representative images of immunofluorescence detection of stably expressed FLAG-
tagged DNMT3C and DNMT3B proteins in Dnmt-tKO ESCs. Scale, 4 µm. (H) 
Comassie-stained SDS-PAGE gels loaded with different fractions from E. coli expressing 
GST-fusions to the methyltransferase domain of DNMT3C, the catalytic site mutant 
DNMT3C C507A, and control DNMT3B. (I) In vitro assay of the methyltransferase 
activity of purified MTase domains of DNMT3C, DNMT3C C507A, and DNMT3B. 
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Data are mean ± SD from three technical replicates in (D and I) and three biological 
replicates in (F). 
 
Fig. S3. Phenotypic and molecular characterization of Dnmt3C
IAP/IAP 
animals. (A) 
Fertility assessment of Dnmt3C
IAP/IAP
 mutant males and females. (B) RNA-seq heatmap 
shows overexpression of young L1 and specific ERVK types in Dnmt3L
KO/KO 
compared 
to Dnmt3L
KO/WT
 testis at P20, in a similar pattern to age-matched Dnmt3C
IAP/IAP
 males 
(see Fig. 2D). (C) Volcano plot of differentially regulated genes between Dnmt3C
IAP/IAP
 
and Dnmt3C
IAP/WT
 testes at E16.5. Genes encoding DNA methyltransferases are 
highlighted in blue and proteins of the piRNA pathway in green. (D) Representative 
immunofluorescence images show no evidence of DNMT3L or MILI destabilization or 
mislocalization in E16.5 Dnmt3C
IAP/IAP
 (lower panel) compared to Dnmt3C
IAP/WT
 (upper 
panel) germ cells. Scale, 50 µm. (E) No change in the relative composition of piRNA 
populations in Dnmt3C
IAP/IAP
 E16.5 testes relative to Dnmt3C
IAP/WT
 controls. Composition 
of piRNA populations in age-matched Miwi2
KO/KO
 testes are shown for comparison - data 
from (18). (F) Relative abundance of piRNAs mapping to different transposon classes 
remains unaltered in Dnmt3C
IAP/IAP
 E16.5 testes relative to Dnmt3C
IAP/WT
 controls. 
Altered relative abundance of piRNAs that map to transposons in Miwi2
KO/KO
 E16.5 
testes are shown for comparison. 
 
Fig. S4 Targeted deletion of Dnmt3C in a Dnmt3C
KO/KO
 mouse confirms DNMT3C 
function. (A) Schematic of the Dnmt3C-KO allele generated by CRISPR/Cas9-mediated 
deletion of the exon 15 of Dnmt3C. (B, C, D, and E) Phenotypic characterization of 
homozygous Dnmt3C
KO/KO
 and compound heterozygous Dnmt3C
KO/IAP
 males showing: 
testis size reduction at 5w (B), upregulation of retrotransposon transcripts as assessed by 
RT-qPCR in P20 testes (C), accumulation of L1-ORF1 proteins in P20 testis sections 
(D), and hypomethylation at the promoter regions of L1-A, L1-F and IAPEz elements in 
sorted testicular germ cells at P10, as assessed by bisulfite-pyrosequencing (E). Data are 
mean ± SD from two biological replicates in (C and E). 
 
Fig. S5. The methylome of Dnmt3C 
IAP/IAP
 germ cells. (A) The DMRs called in mutant 
Dnmt3C
IAP/IAP
 versus control Dnmt3C
IAP/WT
 germ cells (yellow) mostly map to ERVs 
(48%) and LINEs (34%). In contrast, randomized control DMRs (green) are 
preferentially distributed over intergenic regions. (B) Heatmap of the percentage of DNA 
methylation loss within individual retrotransposon families in Dnmt3L
KO/KO
 samples. To 
be compared with Fig. 3C. (C) Plotting of DNA methylation loss in Dnmt3C
IAP/IAP
 germ 
cells over each individual genomic annotation of retrotransposons from different families 
according to size. (D) L1 metaplots of CpG methylation comparing age-matched 
Dnmt3C
IAP/IAP
 and Mili
KO/KO 
* mutant germ cells. *Re-analyzed data from (4). (E) 
Plotting of percentage of DNA methylation loss in Dnmt3C
IAP/IAP
 according to genetic 
distance from consensus sequences of each individual genomic copie of MMERVK10C 
and IAPEz retrotransposons. (F) ERVK metaplots of CpG methylation over full-length 
annotations of MMERVK10C and IAPEz (>6kb, and >4.5Kb, respectively) comparing 
control and Dnmt3C
IAP/IAP
. 
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Fig. S6. Evolutionary history of DNMT3C. (A) Phylogenetic reconstruction of the 
mammalian DNMT3-family of DNA methyltransferases using the conserved portions of 
the methyltransferase domain, and DNMT1 as an out-group. Numbers on top of branches 
represent the percentage in which the given consensus tree appears in 500 bootstrap 
replications. (B) Ka/Ks analysis across the coding sequences of the long isoform of 
Dnmt3C annotated in available Muroid rodent genomes. *Dnmt3C catalytic site. >1 
values (blue) are interpreted as codon positions under positive selection (driving change 
in the encoded amino acids). <1 values (red) are interpreted as codon positions under 
purifying selection (against change in the encoded amino acids). (C) Plot of the known 
number of species within major mammalian orders, and respective percentage of the total 
mammalian diversity (54). The Muroidea superfamily is highlighted in red. 
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Table S1. 
List of oligonucleotides. 
Name Use Sequence (5’to 3’) 
Dnmt3C long isof. FWD 
qPCR 
GAATCCTTGAGTGCTTGCCT 
Dnmt3C long isof. REV GACTTGGGTCAAAGGAACAGT 
Dnmt3C short isoform FWD 
qPCR 
GGATGGATGGATACTCTGGA 
Dnmt3C short isoform REV AAGTACCCTGTTGCAATTCC 
Dnmt3C total FWD 
qPCR 
CCTGTCAGGAAAGGCCTGTT 
Dnmt3C total REV CCTCTTGTCACCGACCTC 
Dnmt3B FWD 
qPCR 
CCCATGCAATGATCTCTCTAAC 
Dnmt3B REV AGAATGGACGGTTGTCGC 
Beta-actin FWD 
qPCR 
AAGTGACGTTGACATCCG 
Beta-actin REV GATCCACATCTGCTGGAAGG 
Rrm2 FWD 
qPCR 
CCGAGCTGGAAAGTAAAGCG 
Rrm2 REV ATGGGAAAGACAACGAAGCG 
L1-ORF2 FWD 
qPCR 
GGAGGGACACTTCATTCTCATCA 
L1-ORF2 REV GCTGCTCTTGTATTTGGAGCATAGA 
L1-A FWD 
qPCR 
GGATTCCACACGTGATCCTAA 
L1-A REV TCCTCTATGAGCAGACCTGGA 
L1-T REV 
qPCR 
CAGCGGTCGCCATCTTG 
L1-T REV CACCCTCTCACCTGTTCAGACTAA 
L1-Gf FWD 
qPCR 
CTCCTTGGCTCCGGGACT 
L1-Gf REV CAGGAAGGTGGCCGGTTGT 
IAPEz FWD 
qPCR 
AACGCTGCTGCTTTAACTCC 
IAPEz REV TGCACATAAAGCTGGCACA 
Dnmt3C IAP FWD 
genotyping 
TGCACTTGGAGAGGGAATC 
Dnmt3C IAP REV1 GCGACGAATAACAATGTGTC 
Dnmt3C IAP REV2 ACAGAAAATTGTCAGGGCAG 
Gm14490 mut. FWD 
cloning 
GGAATCCGTGAGGACAGAGA 
Gm14490 mut. REV CCGAGGTGTGTGAACATCAG 
Dnmt3C IAP FWD 
RT-PCR 
CCCTGCAATGATCTTTCCTGT 
Dnmt3C IAP REV1 CCTAGGCAATGGTTGTTCTC 
Dnmt3C IAP REV2 CTATTCACAGGCAAAGTGGT 
Dnmt3C KO FWD 
genotyping 
GGAGTTGCTGACTAAGGAAA 
Dnmt3C KO REV CAGAGAACAGGGTTTGATCG 
L1-T 5’UTR FWD 
PyroSeq. 
GGTTGGGGAGGAGGTTTAAGTTATA 
L1-T 5’UTR REV Btn-CTACCTATTCCAAAAACTATCAAATTCTCT 
✹❆♥❛❧②s❡ ❝♦♠♣❛r❛t✐✈❡ ❞❡s ♠ét❤♦❞❡s
❞✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s ◆●❙ ♣♦✉r ❧❡s
rétr♦tr❛♥s♣♦s♦♥s
✹✳✶ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
❉✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ❞❡ ❞é❢❡♥s❡ ❛❣✐ss❡♥t ❛✉ s❡✐♥ ❞❡s ❝❡❧❧✉❧❡s ♣♦✉r ❝♦♥tr❡r ❧✬❛❝t✐✈✐té
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭✈♦✐r P❛rt✐❡ ✶✳✷✮✳ ▲✬ét✉❞❡ ❞❡ ❝❡s ♠é❝❛♥✐s♠❡s ♣❡✉t êtr❡ ré❛❧✲
✐sé❡ ❞❡ ♠❛♥✐èr❡ ❝✐❜❧é❡✱ ♦✉ ❞❡ ♠❛♥✐èr❡ ♣❛♥❣é♥♦♠✐q✉❡✳ ▲❛ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ❝♦♥s✐st❡
❡♥ ✉♥❡ ❛♥❛❧②s❡ q✉❛♥t✐t❛t✐✈❡ ♣❛r P❈❘✱ ❝♦♠❜✐♥é❡ à ❞❡s ♠ét❤♦❞❡s ❞✬❛♥❛❧②s❡ ❞✬❡①♣r❡ss✐♦♥
✭❘❚✲P❈❘✱ ❘❚✲qP❈❘✮✱ ❞❡ ♣r♦✜❧s ❝❤r♦♠❛t✐♥✐❡♥s ✭❈❤■P✲qP❈❘✮ ❡t ❞❡ ♣r♦✜❧s ❞❡ ♠ét❤②❧❛✲
t✐♦♥ ✭❜✐s✉❧✜t❡ P❈❘✮✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r✐♠❡rs s♣é❝✐✜q✉❡s ❞és✐❣♥és à ♣❛rt✐r ❞❡ ❧❛ séq✉❡♥❝❡
❝♦♥s❡♥s✉s ❞✬✉♥❡ ❢❛♠✐❧❧❡ ♦✉ ❞✬✉♥❡ s♦✉s✲❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡r♠❡t ❞✬ét✉❞✐❡r
❛✐♥s✐ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❣❧♦❜❛❧ ❞❡s é❧é♠❡♥ts ❞❡ ❝❡tt❡ ❢❛♠✐❧❧❡ ♦✉ ❞❡ ❝❡tt❡ s♦✉s✲❢❛♠✐❧❧❡✱ à
❝♦♥❞✐t✐♦♥ q✉❡ ❧❡✉r séq✉❡♥❝❡ s♦✐t ♣r♦❝❤❡ ❞❡ ❧❛ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s✳ ❊♥ ❝♦♠♣❛r❛✐s♦♥✱ ❧❡s
❛♣♣r♦❝❤❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ✭◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥❝✐♥❣✱ ◆●❙✮ ❞♦♥♥❡♥t ❛❝✲
❝ès à ✉♥❡ ❛♥❛❧②s❡ ♣❧✉s rés♦❧✉t✐✈❡✱ ♣❧✉s ❝♦♠♣❧èt❡ ❡t ♥♦♥ ❜✐❛✐sé❡ ❞❡s ❚❊✳ ▲❡s ❛♣♣r♦❝❤❡s ❞❡
t②♣❡ ❘◆❆✲s❡q ♣❡✉✈❡♥t ♣❡r♠❡ttr❡ ❧✬ét✉❞❡ ❞❡ ❧❡✉r ❡①♣r❡ss✐♦♥✱ ❧❡ s♠❛❧❧ ❘◆❆✲s❡q ♣❡r♠❡t
❧✬ét✉❞❡ ❞❡ ❧❡✉r ❞é❣r❛❞❛t✐♦♥ ❡♥ ♣❡t✐ts ❆❘◆s ✭❞❡ t②♣❡ ♣✐❆❘◆ ♦✉ s✐❆❘◆✮✱ ❧❡ ❈❤■P✲s❡q
❞♦♥♥❡ ❛❝❝ès à ❧❡✉r ❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ♠❛rq✉❡s ❝❤r♦♠❛t✐♥✐❡♥♥❡s ♣❛rt✐❝✉❧✐èr❡s ♦✉ ❧❡✉r ❧✐✲
❛✐s♦♥ ♣❛r ❞❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ♣❛rt✐❝✉❧✐❡rs✱ ❡t ❡♥✜♥✱ ❧❡ ❲❤♦❧❡✲●❡♥♦♠❡ ❇✐s✉❧✜t❡
❙❡q✉❡♥❝✐♥❣ ✭❲●❇❙✮ ♣❡r♠❡t ❞❡ ❝♦♥♥❛îtr❡ ❧❡✉rs ♣r♦✜❧s ❞❡ ♠ét❤②❧❛t✐♦♥ ❣é♥♦♠✐q✉❡ ❛✉
✶✸✹
✹✳✶✳ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
♥✉❝❧é♦t✐❞❡ ♣rès✳
❊♥ t❤é♦r✐❡ ❞♦♥❝✱ ❧❡s ♥♦✉✈❡❧❧❡s ♠ét❤♦❞❡s ❞❡ séq✉❡♥ç❛❣❡ ❞♦♥♥❡♥t ✉♥ ❛❝❝ès ♣♦ss✐❜❧❡
à ✉♥❡ ♣❧ét❤♦r❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ré❣✉❧❛t✐♦♥ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s✳ ❈❡❝✐ ❡st ❞✬❛✉t❛♥t ♣❧✉s ré❛❧✐s❛❜❧❡ q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❝❤❛q✉❡ é❧é♠❡♥t ❡st
❛♥♥♦té❡ ❞❛♥s ❧❡s ❣é♥♦♠❡s ❞❡ ré❢ér❡♥❝❡ ♣❛r ❧✬♦✉t✐❧ ❘❡♣❡❛t▼❛s❦❡r✳
❉❛♥s ✉♥ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❝❧❛ss✐q✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ❧❡s ❧❡❝t✉r❡s ❞❡
séq✉❡♥ç❛❣❡ s♦♥t t♦✉t ❞✬❛❜♦r❞ ❛❧✐❣♥é❡s s✉r ✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡✳ ❆ ❧✬❛✐❞❡ ❞❡ ❧✬❛♥♥♦t❛t✐♦♥
❘❡♣❡❛t▼❛s❦❡r ❞❡s ❊❚✱ ❧❡s ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts s♦♥t ❡♥s✉✐t❡ q✉❛♥t✐✜é❡s ♣✉✐s
❝♦♠♣❛ré❡s ❞❛♥s ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❜✐♦❧♦❣✐q✉❡s✳
▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ❞✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡
◆●❙ t✐❡♥t à ❧❛ ♥❛t✉r❡ ♠ê♠❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ❝✬❡st✲à✲❞✐r❡ ❧❡✉r ré✐tér❛t✐♦♥ ❡♥
♠✉❧t✐♣❧❡s ❝♦♣✐❡s ✭✈♦✐r P❛rt✐❡ ✶✳✸✳✶✮✳ ❖r✱ ❞❛♥s ✉♥ s❝❤é♠❛ ❝❧❛ss✐q✉❡ ❞✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s
à ❤❛✉t ❞é❜✐t✱ ❧❡s ❧❡❝t✉r❡s ❞✐t❡s ♠✉❧t✐♣❧❡s s♦♥t ♥♦r♠❛❧❡♠❡♥t é❧✐♠✐♥é❡s ❞❡s ♣r♦t♦❝♦❧❡s
❞✬❛♥❛❧②s❡✳ ❊♥ ré❛❧✐té✱ ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✉r ✉♥ ❣é♥♦♠❡
❞❡ ré❢ér❡♥❝❡✱ ♣❧✉s✐❡✉rs ♣♦ss✐❜✐❧✐tés s♦♥t ❞✐s♣♦♥✐❜❧❡s ✿ ✶✮ r❡t♦✉r♥❡r s❡✉❧❡♠❡♥t ❧❡s ❧❡❝t✉r❡s
❞✐t❡s ✉♥✐q✉❡s✱ ✷✮ r❡♣♦rt❡r ❛❧é❛t♦✐r❡♠❡♥t ✉♥❡ ♣♦s✐t✐♦♥ ♣♦✉r ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ❡t ✸✮
✉t✐❧✐s❡r t♦✉t❡s ❧❡s ♠❡✐❧❧❡✉r❡s ♣♦s✐t✐♦♥s ♣♦✉r ❧❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s✳
❉❡♣✉✐s ❧✬❛✈è♥❡♠❡♥t ❞❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ séq✉❡♥ç❛❣❡✱ ✉♥❡ ♣❧ét❤♦r❡ ❞✬❛❧❣♦r✐t❤♠❡s ❛
été ❞é✈❡❧♦♣♣é❡ ❛✜♥ ❞✬❛❧✐❣♥❡r ❞❡s ♠✐❧❧✐♦♥s ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✉r ✉♥ ❣é♥♦♠❡ ❞❡
ré❢ér❡♥❝❡ ✭❋♦♥s❡❝❛ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❤tt♣s✿✴✴✇✇✇✳❡❜✐✳❛❝✳✉❦✴⑦♥❢✴❤ts❴♠❛♣♣❡rs✴✮✳ ❉✐❢✲
❢ér❡♥t❡s ét✉❞❡s ♦♥t ❝♦♠♣❛ré ❧❛ s♣é❝✐✜❝✐té ❡t ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❝❡s ❞✐✛ér❡♥ts ❛❧❣♦r✐t❤♠❡s
✭❍❛t❡♠ ❡t ❛❧✳✱ ✷✵✶✸❀ ❘✉✛❛❧♦ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙❝❤❜❛t❤ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❈❡♣❡♥❞❛♥t✱ ❛✉❝✉♥❡ ❞❡ ❝❡s
ét✉❞❡s ♥❡ s✬❡st ❢♦❝❛❧✐sé❡ s✉r ❧✬❛❧✐❣♥❡♠❡♥t ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✐ss✉❡s ❞❡ séq✉❡♥❝❡s
ré♣été❡s✳
P♦✉rt❛♥t✱ ❧✬ét❛♣❡ ❞✬❛❧✐❣♥❡♠❡♥t ❡st s✉s❝❡♣t✐❜❧❡ ❞✬✐♥✢✉❡♥❝❡r ❧❡s rés✉❧t❛ts ❞❡ q✉❛♥t✐✜✲
❝❛t✐♦♥✳ ❉❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❛❞❛♣té❡s ❞♦✐✈❡♥t êtr❡ ✉t✐❧✐sé❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s
♣❛r❛♠ètr❡s ❛♣♣❧✐q✉és ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t✳
P❧✉s✐❡✉rs ❛❧❣♦r✐t❤♠❡s ♦♥t été ❞é✈❡❧♦♣♣és ❛✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ✭✈♦✐r P❛rt✐❡ ✶✳✸✳✷✮✳ ❈❡s ♠ét❤♦❞❡s
✉t✐❧✐s❡♥t ♦✉ r❡❝♦♠♠❛♥❞❡♥t ❞✐✛ér❡♥ts ♦✉t✐❧s ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
✭❇♦✇t✐❡✱ ❇♦✇t✐❡✷ ♦✉ ❙❚❆❘✮✳ ❉❡ ♣❧✉s✱ ❧❡s tr♦✐s ❞✐✛ér❡♥t❡s str❛té❣✐❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥
s♦♥t ❡♠♣❧♦②é❡s ♣♦✉r ❡st✐♠❡r ❧✬❡①♣r❡ss✐♦♥ ❞❡s ❊❚ ✿ ✶✮ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s✱
✷✮ ❡♥ r❡♣♦rt❛♥t ✉♥❡ ❧❡❝t✉r❡ ❛❧é❛t♦✐r❡✱ ✸✮ ❡♥ ❝♦♠♣t❛♥t t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ✭❛✈❡❝ ♦✉ s❛♥s
✶✸✺
✹✳✶✳ ▼♦t✐✈❛t✐♦♥ ❞❡ ❧✬ét✉❞❡
♣♦♥❞ér❛t✐♦♥✮✳ ▼❛r✐♥♦✈ ❡t ❛❧✳❀ ❘♦②♦ ❡t ❛❧✳ ♦♥t ❞é♠♦♥tré q✉✬✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t ❛rt✐✜❝✐❡❧ ❡♥
é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣♦✉✈❛✐t rés✉❧t❡r ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ♠ét❤♦❞❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥
♥♦♥ ❛❞❛♣té❡✱ ❝❡❧❧❡ ❝♦♥s✐st❛♥t à r❡♣♦rt❡r t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ♠✉❧t✐♣❧❡s✱ s❛♥s ♣♦♥❞ér❛t✐♦♥✳
❉❛♥s ❝❡tt❡ ét✉❞❡✱ ❥✬❛✐ ❡♥tr❡♣r✐s ❞❡ ❝♦♠♣❛r❡r ❧❡s ❞✐✛ér❡♥ts ❛❧❣♦r✐t❤♠❡s ❞✬❛❧✐❣♥❡♠❡♥t
❞❡ ❧❡❝t✉r❡s ❧❡s ♣❧✉s ✉t✐❧✐sés ❡t ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ✭✉♥✐q✉❡✱ ♠✉❧t✐♣❧❡
❛❧é❛t♦✐r❡ ❡t ♠✉❧t✐♣❧❡ ♣♦♥❞éré✮✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛✈❛✐t ♣♦✉r ❜✉t ❞❡ ❞r❡ss❡r ✉♥ ❣✉✐❞❡ ❞❡
❜♦♥♥❡s ♣r❛t✐q✉❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♠❛✐s ❛✉ss✐✱ ❞❡ t❡st❡r ❧❡s
❧✐♠✐t❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s❡❧♦♥ ❧❡✉r â❣❡ é✈♦❧✉t✐❢✳ ❆✜♥ ❞❡ ❝❛❧❝✉❧❡r
❧❛ s♣é❝✐✜❝✐té ❡t ❧❛ s❡♥s✐❜✐❧✐té ❞❡s ❞✐✛ér❡♥ts ❛❧❣♦r✐t❤♠❡s✱ ❥✬❛✐ ❡✉ r❡❝♦✉rs à ✉♥❡ str❛té❣✐❡
❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ✭❧❡❝t✉r❡s ❞❡ ✶✵✵❜♣ ❛✈❡❝ ✉♥❡ ❝♦✉✈❡rt✉r❡ ❞❡ ✶✵❳✮
s✉r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ s✉r ❧❡s ❣é♥♦♠❡s ❤✉♠❛✐♥ ❡t ♠✉r✐♥✳ ❈❤❛q✉❡ ♣♦s✐t✐♦♥
r❡t♦✉r♥é❡ ♣❡✉t ❛✐♥s✐ êtr❡ ❝♦♠♣❛ré❡ à ❝❡❧❧❡ q✉✐ ❛ été s✐♠✉❧é❡✱ ♣❡r♠❡tt❛♥t ❞✬❛ttr✐❜✉❡r ✉♥
t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ✭♣♦s✐t✐♦♥ r❡t♦✉r♥é❡ ❂ ♣♦s✐t✐♦♥ s✐♠✉❧é❡✮ ❛✉① ❞✐✛ér❡♥ts ❛❧❣♦r✐t❤♠❡s
❞✬❛❧✐❣♥❡♠❡♥t✳ ▲❡s ✈❛❧❡✉rs ❞✬❡①♣r❡ss✐♦♥ s✐♠✉❧é❡s ♦♥t été ❝♦♠♣❛ré❡s à ❝❡❧❧❡s ❡st✐♠é❡s ♣❛r
❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❡t ❛✐♥s✐ ❞❡ ❞é✜♥✐r q✉❡❧❧❡ ♠ét❤♦❞❡ ❡st ❧❛ ♣❧✉s
♣ré❝✐s❡ ♣♦✉r q✉❛♥t✐✜❡r ❧❡s ❢❛♠✐❧❧❡s ❞❡ ❚❊✳
❈♦♥❝❡r♥❛♥t ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞♦♥♥é❡s✱ ❧✬♦✉t✐❧ ❙❚❆❘ ❡st ❝❡❧✉✐ q✉✐ ❡st ❛♣♣❛r✉ ❝♦♠♠❡
❛❧❧✐❛♥t ❧❡ ♠❡✐❧❧❡✉r t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❛✈❡❝ ✉♥❡ r❛♣✐❞✐té ❞❡ ❝❛❧❝✉❧ s❛t✐s❢❛✐s❛♥t❡✳ ❆✜♥
❞✬❛✉❣♠❡♥t❡r ❧✬✉♥✐❝✐té ❞❡s ❢r❛❣♠❡♥ts séq✉❡♥❝és✱ ✐❧ ❡st ❢♦rt❡♠❡♥t r❡❝♦♠♠❛♥❞é ❞❡ séq✉❡♥❝❡r
❞❡s ❧✐❜r❛✐r✐❡s ♣❛✐r❡❞✲❡♥❞✳ P♦✉r q✉❛♥t✐✜❡r ❧❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ❧❛ ♠ét❤✲
♦❞❡ r❡♣♦rt❛♥t ✉♥❡ ♣♦s✐t✐♦♥ ❛❧é❛t♦✐r❡ ❞❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ❞♦♥♥❡ ❧❛ ♠❡✐❧❧❡✉r❡ ❡st✐♠❛✲
t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞✬❡①♣r❡ss✐♦♥ ✿ ❡❧❧❡ ❛ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ r❛♣✐❞❡ ❡t ❞✬✉t✐❧✐s❡r ❧❡ ♠♦✐♥s ♠♦✐♥s
❞✬❡s♣❛❝❡ ❞✐sq✉❡✱ ♣❛r r❛♣♣♦rt à r❡t♦✉r♥❡r t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ♠✉❧t✐♣❧❡s ❛✈❡❝ ♣♦♥❞ér❛t✐♦♥✱
❡t s❛♥s ♣❡rt❡ ❞✬✐♥❢♦r♠❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ♦ù ✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡st ❞✐s♣♦♥✐❜❧❡✱ ❥❡
r❡❝♦♠♠❛♥❞❡ ❞✬❡✛❡❝t✉❡r ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞♦♥♥é❡s s✉r ❝❡ ❣é♥♦♠❡ ❛✜♥ ❞❡ ♥❡ ♣❛s ❜✐❛✐s❡r
❧❡s rés✉❧t❛ts❀ ❝❡tt❡ str❛té❣✐❡ ❡st à ♣r✐✈✐❧é❣✐❡r ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ✉♥ ❛❧✐❣♥❡♠❡♥t s✉r ❧❡s
séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ♦✉ ❧❡s séq✉❡♥❝❡s ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ ❊♥✜♥✱ ❝❡tt❡ ét✉❞❡
❞é♠♦♥tr❡ t❛♥❣✐❜❧❡♠❡♥t q✉❡ ❧❡s ❢❛♠✐❧❧❡s ❧❡s ♣❧✉s ré❝❡♥t❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s♦♥t
❞✐✣❝✐❧❡♠❡♥t ❛tt❡✐❣♥❛❜❧❡s ❞❛♥s ❧❡s ❞♦♥♥é❡s ❞❡ ◆●❙✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❡✉r ❢❛✐❜❧❡ ✈❛r✐❛❜✐❧✐té
✐♥t❡r✲é❧é♠❡♥t ❡t ❛✐♥s✐ ✉♥ t❛✉① ❞❡ ❧❡❝t✉r❡s ❞✐t❡s ✉♥✐q✉❡s très ❢❛✐❜❧❡ ✭❡♥tr❡ ✷✺ ❡t ✺✵ ✪✮✳
✶✸✻
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Abstract 
 
Background:  Sequencing technologies give access to a precise picture of the molecular 
mechanisms acting upon genome regulation. One of the biggest technical challenges with 
sequencing data is to map millions of reads to a reference genome. This problem is 
exacerbated when dealing repetitive sequences such as transposable elements, which 
represent half of the mammalian genomes. Sequenced reads coming from these regions 
introduce ambiguities in the mapping step. Therefore, applying dedicated parameters and 
algorithms has to be taken into consideration when transposable elements regulation is 
investigated with sequencing datasets. 
 
Results: Here, using simulated reads on the mouse and human genomes, we attempted to 
define the best parameters for aligning transposable element-derived reads on a reference 
genome. The efficiency of the most commonly used aligners was assessed and we further 
evaluated how transposable element representation should be estimated using available 
methods. The mappability of the different transposon families in the mouse and the human 
genomes was calculated giving an overview into their evolution. 
 
Conclusions: Based on simulated data, we provided recommendations on the alignment 
and the quantification steps to be performed when transposon regulation is studied, and 
identified the limits in detecting specific transposons families of the mouse and human 
genomes. These principles may help the community to adopt standard procedures and raise 
awareness of the difficulties encountered in the study of transposable elements.  
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Retrotransposon, High-throughput sequencing, Data analysis, Mapping, 
Quantification 
 
 
 
 
 
Background  
Transposable elements (TE) comprise approximately half of the mammalian genomes (Platt, 
Vandewege, & Ray, 2018). Based on de novo repeat identification, it has been suggested 
that two-thirds of the human genome is in fact composed of repetitive elements (de Koning, 
Gu, Castoe, Batzer, & Pollock, 2011). 
Transposable elements are first classified according to their ability to invade the 
genome and their related molecular mechanisms. DNA transposons use a cut-and-paste 
mechanism where DNA sequence is excised and inserted into a new locus. 
Retrotransposons (RTE) use an intermediate RNA template to insert into new genomic 
locations, in a copy-and-paste manner. RTEs are classified into Long-Terminal Repeat (LTR) 
elements that are similar to retroviruses and non-LTR elements that have their own 
mechanism of retrotransposition. Non-LTR elements are more abundant compared to LTR 
elements and DNA transposons in mammal genomes. The vast majority of TE insertions are 
incapable of mobilization due to invalidating truncations, internal rearrangements or 
mutations. However, based on cell culture assays, it has been estimated that 80-100 L1HS 
elements are competent for retrotransposition in the human genome (Brouha et al., 2003) 
and around 3000 L1 elements from the Tf, A and Gf subfamilies are potentially capable of 
retrotransposition in the mouse genome (Goodier, Ostertag, Du, & Kazazian Jr, 2001). De 
novo insertions of TE elements - mainly Alu, L1 and SVA non-LTR families - have been 
associated with more than 100 human diseases (see Hancks & Kazazian Jr, 2016 for 
review). In order to counteract TE activity, cells have developed several restraining 
mechanisms. At the transcriptional level, DNA methylation and repressive histone 
modifications block TE expression. In the cytoplasm, some restriction factors degrade 
retrotransposons RNA. Other factors play a role in the nucleus by interfering with the DNA 
integration step (see Goodier, 2016 for review).  
 
The emergence of high-throughput sequencing technologies has provided new 
insights into TE regulation. However, the characterization of these elements remains 
computationally challenging, mainly due to their repetitiveness (Treangen & Salzberg, 2012). 
As they are not unique in the genome, repeated sequences create ambiguities in the 
alignment step, which can lead to misleading biological conclusions if inappropriate 
parameters are applied (Marinov et al., 2015; Royo, Stadler, & Peters, 2016). 
Different algorithms have been developed for the purpose of mapping reads 
according to the sequencing application (Fonseca, Rung, Brazma, & Marioni, 2012). By 
default, most of these tools are parameterized to randomly report one genomic position 
among the set of possible alignments. Additional parameters or filters are implemented to 
keep uniquely mapped reads, to report all possible positions of reads or to return up to a 
given number of valid alignments. Benchmarkings of these methods have also been reported 
to compare their efficiency. Some of them investigated specific biological applications, such 
as whole-genome bisulfite sequencing (WGBS) (Tsuji & Weng, 2015) and RNA-seq (Baruzzo 
et al., 2016) or specific sequencing platforms (Caboche, Audebert, Lemoine, & Hot, 2014).  
Schbath et al, assessed the power of tools to retrieve all the read occurrences. However, 
their study relied on simulated short single-end reads of 40bp without any 
insertions/deletions (indels).  Hatem et al, investigated the effect of different mapping 
parameters such as number of mismatches, seed and read length, gapped vs ungapped 
alignment. Nevertheless, they did not investigate the power of the different algorithms to 
align TE-derived reads.  
Understanding the regulation of TE elements requires quantifying TE representation 
in different conditions. Some tools were developed to quantify TEs within sequencing data. 
TEtools (Lerat, Fablet, Modolo, Lopez-Maestre, & Vieira, 2016) uses TE annotation to create 
Bowtie2 (Langmead & Salzberg, 2012) index and performs the mapping reporting randomly 
one position. RepEnrich (Criscione, Zhang, Thompson, Sedivy, & Neretti, 2014) 
recommends to perform the mapping with Bowtie (Langmead, Trapnell, Pop, & Salzberg, 
2009) to retrieve unique alignments. It enables quantifying unique reads emanating from 
specific families (refered to repEnrich Unique in this study) and the total number of reads, 
unique and multiple, mapped to each TE family (repEnrich Total). The repEnrich Fractional 
method counts reads that map to a single TE family and assigns multi-mapped reads to 
corresponding families using a fractional value 1/N where N is the number of TE families the 
read maps to. Finally, TEtranscripts (Jin, Tam, Paniagua, & Hammell, 2015) advises to 
generate BAM files with the STAR mapper (Dobin et al., 2013), and performs TE 
quantification using only uniquely-mapped reads (TEtranscripts Unique) or using multi-
mapped reads with an iterative method (TEtranscripts Multiple). 
In this study, we propose to benchmark at once the efficiency of the most used 
aligners and available tools for TE quantification. Using simulated data with mouse and 
human genomes, Bowtie, Bowtie2, STAR, Novoalign (http://www.novocraft.com), BWA aln 
(Li & Durbin, 2009) and mem (Li, 2013) alignment algorithms were compared. We also 
assessed the effect of using paired-end library compared to single-end library with TE-
derived reads. Reporting unique reads, randomly one position and all possible locations were 
compared when TE abundance was estimated. In addition, TE quantification with TEtools, 
repEnrich and TEtranscripts were compared to TE simulated abundance. Furthermore, the 
efficiency to map reads from each TE subfamily within the mouse and the human genome 
was computed and revealed difficulties of accessing specific TE families.    
 
 Results 
Mapping based on STAR and PE libraries are highly recommended to align 
reads coming from transposable elements 
To compare different mapping algorithms and their efficiency to align reads from repeated 
sequences, we relied on simulated data (Figure1A). Using a reference genome, 2x100bp 
paired-end reads were simulated with ART v2.5.8 (Huang, Li, Myers, & Marth, 2012) 
mimicking Illumina HiSeq 2500 technology (mean fragment size = 200bp, standard deviation 
= 20bp). Reads overlapping with RepeatMasker annotations (Smit, R, & P, 2013-2015) were 
kept. Three independent datasets were simulated at a 10X coverage and aligned using 
Bowtie1, Bowtie2, BWA aln and mem algorithms, Novoalign and STAR. All the mappers 
were run with four threads (except for Novoalign that can be run with only 1 thread). Only 
one end of the simulated fragments (single-end (SE) alignment) or both ends (paired-end 
(PE) alignment) were used, allowing us to compare the performance of both library types 
when transposon-derived reads are aligned. Algorithms were run while enabling unique, 
randomly-reported or multi-mapped reads, except for BWA algorithms that do not give the 
possibility to return several hits per read. Reported alignments were compared to the 
simulated positions. In the case of consistency between them, alignments were flagged as 
true-positive (TP) and weighted by the number of reported hits for the corresponding read in 
the multi-mapped mode. This approach allowed penalizing algorithms that report too many 
positions per read.  
In the figure 1B, TP rate and percentage of mapping were represented using the 
chromosome 1 of the mouse genome as the reference genome for the data simulation (figure 
S1A for the chromosome 1 of the human genome). In the top panel, uniquely-reported reads 
were considered using Bowtie1, STAR and Novoalign which had specific parameters to 
report only unique alignments. Using the chromosome 1 of the mouse genome, around 92 
and 95% of the reads were aligned in the SE and PE libraries respectively, highlighting the 
importance of using PE library to increase the uniqueness of fragments derived from 
transposon sequences. Conversely, Bowtie1 is the only tool which does not capitalize on the 
PE library to improve the mapping results. Some uniquely-mapped reads with SE library 
were not anymore mapped using paired-end information because the second read of the pair 
had different valid alignments.   
Bowtie2, BWA mem and aln algorithms do not allow reporting uniquely mapped reads 
with defined parameters. Post-mapping filtering is therefore required. In this case, these 
mappers had the same performance with both SE and PE libraries compared to STAR and 
Novoalign (Table1).   
  
Figure 1: Comparison of mapper efficiency with mouse simulated data. (A) A diagram 
showing the method for the data simulation. The circles represent used tools and the 
rectangles correspond to files.  (B) True Positive (TP) rate versus mapping percentage with 
chromosome 1 of the mouse genome. The dots are the average values of three independent 
simulated libraries. SE and PE refer to single end and paired end, respectively. (C) Use 
memory, run time and size of the BAM file with chromosome 1 of the mouse genome. The 
error bars correspond to standard deviation from three independent simulated libraries.  
When randomly-reported and multi-mapped reads were allowed (middle and bottom 
panels, figure 1B and S1A), the percentage of mapping increased close to 100% leading to a 
decrease of TP rate around 93% for Bowtie1, 93% for the other in SE and 96% in PE. In 
addition, we also observed a big drop in Bowtie2 TP rate in the multi-mapped mode. Bowtie2 
did not guarantee that the reported alignments are the best possible in terms of alignment 
score. Consequently, more alignments were reported leading to a decrease of TP rate 
compared to other algorithms. As in unique mode, Bowtie1 was less efficient using paired-
end library compared to Novoalign and STAR.  
Computation time, BAM file size and memory usage were reported (Table 1, Figure 
1C for mouse simulation and Figure S1B for the human simulation) for all applied mappers 
and modes. The runtime measurement includes post-mapping filtering in the unique mode 
for bowtie2, BWA mem and aln algorithms. All algorithms required less than 10GB, except 
STAR which required 26GB at most. On the other hand, STAR was at least 15 times faster 
compared to Novoalign. Reporting all possible alignments per read increased at least four 
times the output size in PE mode compared to randomly-reported alignments for the mouse 
simulation. Output size of Bowtie2 in multi-mapped mode confirmed the fact that Bowtie2 
reported too many alignments per read inducing a decrease of TP rate. As a conclusion, the 
STAR algorithm is recommend to align TE-derived reads.    
Quantification of TE families: random and multiple counting methods give the 
best estimations 
Regarding its better performance, STAR was consistently used as the mapping algorithm in 
subsequent quantification analyses. One library was simulated at a 10X coverage using the 
pipeline described previously with the human and mouse genomes as reference. The same 
mapping parameters than in the previous analyses were applied for the human simulation. 
However, mapping parameters were adjusted for the mouse simulation allowing higher 
number of multi-mapped reads due to a more complex TE content in this genome. TE- 
estimated quantification from different developed methods was compared to simulated 
abundance. TE families were quantified using uniquely-mapped reads (referred to unique 
counting method), randomly-reported position (random counting method) and all valid 
alignments (multiple counting method). In the multiple counting method, alignments were 
weighted by the number of corresponding hits. Quantifications were performed using 
featureCounts (Liao, Smyth, & Shi, 2014). In addition, repEnrich, TEtools and TEtranscripts 
were evaluated using recommended parameters. TE-simulated abundance and estimated 
abundance were correlated for the different methods (Figure 2A for mouse simulation and 
Figure S2A for the human simulation). Methods using only unique reads (unique counting 
method, repEnrich Unique, TEtranscripts Unique) underestimated some TE families. In  
 
 
Figure 2: Comparison of the methods for the quantification of mouse retrotransposon 
families. (A) Comparison of the estimated abundance versus the true abundance for 
different quantification methods using mouse simulated TE-derived library. An R-squared 
value (R2) was calculated to evaluate the correlation of estimated values between simulated 
values (B) Comparison of the estimated abundance versus the true abundance for TEtools 
and when randomly reported reads are used for the TE quantification with FeatureCounts 
(random counting method). A PE genome-wide library (10X coverage) was simulated using 
the mouse genome with STAR for the mapping. 
contrast, counting total number of reads mapped to each TE family as with repEnrich Total 
induced an overestimation. On the other hand, weighting by the number of hits (multiple 
counting method) or reporting randomly one position (TEtools and random counting method) 
gave rise to the same TE estimations with a correlation close to 1.   
Previous simulated reads were generated from mouse and human genomes and only 
the ones overlapping with TE sequences were kept (Figure 1A). TEtools proposes to map 
reads only on TE annotation. However, transposable elements represent only half of the 
mammalian genomes. To estimate whether TEtools could introduce biases, new datasets 
were simulated uniformly genome-wide including non-repeated sequences. Mouse and 
human genomes were used and PE libraries with a 10X coverage were generated. Random 
counting method (with STAR for the mapping) and TEtools were used for the TE 
quantification (Figure 2B and Figure S2B). TEtools induced an overestimation of TE families 
forcing non-derived reads to map to TE sequences. In contrast, using genome-wide mapping 
did not introduce an overestimation.     
Evolutionary young families suffer from low percentage of mapping and low 
true positive rate. 
Using PE library simulated on the mouse and human genomes (figure 1A), 89.8% and 93.4% 
of the reads were uniquely mapped, respectively, with a TP rate of 99.9% (Figure 3A and 
Figure S3A). However, we noticed that some TE families displayed a lower mapping 
percentage. This was the case for the L1HS family –a recent human-specific L1 family- 
whereby 49% of simulated reads had 88% of TP rate upon unique mapping. In the mouse 
genome, 25 families had less than 50% of mapping when uniquely-reported reads were 
allowed, six of them being annotated in the LINE order. Using estimated evolutionary age of 
mouse and human LINE1 families (Khan, Smit, & Boissinot, 2006; Sookdeo, Hepp, McClure, 
& Boissinot, 2013), we found that the youngest families were the ones with the lowest 
percentage of mapping and TP rate (Figure 3B and Figure S3B). These two metrics appear 
therefore as new classifiers to rank L1 subfamilies according to their age.  
Among the 25 mouse TE families with less than 50% of mapping, 19 were annotated 
as LTR retrotransposons with representatives of the three different classes of LTR defined by 
their similarities to exogenous retroviruses (McCarthy & McDonald, 2004). In the ERV1 class, 
MURVY-int, its related LTR (RLTR5_MM) and RLTR4_MM (LTR flanking Murine Leukemia 
virus elements) had less than 25% of mapping. In the ERVK class, reads corresponding to 
the IAPEz-int annotation had 28% of mapping. This annotation represents the internal portion 
of IAPLTR1 elements which are the young active elements from the IAP subtypes (Qin et al., 
2010). Finally, MERVL-int annotations, which represent active members of the ERVL class 
had 30% of mapping (Costas, 2003).  
  
Figure 3: Mappability of the different mouse retrotransposon families. (A) True Positive 
(TP) rate versus mapping percentage per TE family using STAR and paired-end library with 
mouse simulated TE-derived reads. Black triangle represents the True Positive rate and 
percentage of mapping for the entire simulated library. (B) Mapping percentage versus age 
of L1Md families. Dot colors represent the True Positive (TP) rate. Ages are obtained from 
previously published divergence analysis study (Sookdeo, Hepp, McClure, & Boissinot, 
2013) (C) Gain of True Positive in percentage versus gain of mapping in percentage when 
PE library are used in comparison to SE library.  
 
  
As depicted in Figure 1B and Figure S1A, the usage of PE library improved the As 
depicted in Figure 1B and Figure S1A, the usage of PE library improved the mapping step by 
producing a higher percentage of uniquely-mapped reads: 6 and 2% of additional uniquely-
mapped reads were gained in genome-wide mouse and human simulations, respectively. 
However, there was a strong inter-TE family variability in the improvement (Figure 3C and 
Figure S3C). On one hand, L1PA3 and L1PA2 (for the human genome), and L1MdGf_II, 
L1MdA_III and L1MdF_I (for the mouse genome) showed a 30% mapping gain when a PE 
library was used. The gain increase was slightly improved for the youngest LINE1 families 
(L1HS for the human genome and L1MdTf_I, L1MdTf_II and L1MdA_I for the mouse 
genome) compared to the slightly older families mentioned above. Similarly, the youngest 
subfamilies of the AluY type (AluYa5 and AluYb9) and SVA type (SVA_D, SVA_E and 
SVA_F) youngest gained 20% of mapping (Batzer & Deininger, 2002, Wang et al., 2005). 
These results demonstrate the importance of paired-end sequencing libraries, especially for 
the study of evolutionary young families. 
  
Discussion 
The objective of the present study was to provide guidelines for the analysis of transposable 
elements with high-throughput sequencing datasets. Due to their repetitive nature, TE-
derived sequences are complex to analyze.  
 
Sample and library preparation  
At the beginning of a project, experimental design and sample preparation should be 
conceived in order to retrieve as much information as possible and to be able to answer the 
biological questions. Chhangawala et al (2015) already showed that single-end reads 
increased the number of multi-mapped reads. In contrast, paired-end reads lower the amount 
of multi-mapped reads and increase splicing events detection. Our study confirms the 
importance of using paired-end library instead of single-end when analyzing TE-derived 
reads, especially for evolutionary young families such as SVA_F, AluYb9 and L1HS in the 
case of human-based analyses. Read length is another parameter to take into consideration 
when TE-derived reads are sequenced. Chhangawala et al (2015) showed that longer reads 
increased the uniqueness of sequenced fragments. Longer fragment size should also help 
during the mapping step, because the chance for the sequenced fragment to fall into the 
boundaries or to cover a polymorphism will increase with the size of the fragment. As a 
result, the mappability of the given fragment should increase. However, having longer 
fragments is a limitation of the Illumina machine and of some biological applications such as 
ChIP-seq and Whole Genome Bisulfite sequencing. 
 Mapping 
After quality control, read alignment against a reference genome is the first step in NGS 
analyses. Appropriate parameters and algorithms are needed to align as many TE-derived 
reads as possible. BWA algorithms (mem and aln) and bowtie2 have no defined parameter 
for retrieving uniquely mapped reads. In such case, post-mapping filtering has to be applied. 
In contrast, Novoalign, bowtie and STAR have dedicated parameters to report uniquely-
mapped reads. However, bowtie does not capitalize on the information of paired-end reads. 
If a 5’end read -called R1 read- is uniquely mapped and the corresponding 3’end read, -R2 
read- is a multi-mapper, bowtie does not use the valid alignment from R1 read as the unique 
hit for the fragment. On the other hand, Novoalign and STAR use the information from the R1 
read and increase the percentage of mapping with paired-end library.  
In the multiple-hit mode, Bowtie2 searches for up to k valid alignments per read, 
where k is a threshold given by the user (k was set to 5000 in this study). In Bowtie2’s 
reference manual, it is mentioned: “Bowtie 2 does not guarantee that the k alignments 
reported are the best possible in terms of alignment score” (http://bowtie-
bio.sourceforge.net/bowtie2/manual.shtml). Other alignments with different alignment scores 
are reported in addition to the best alignment which creates a low true positive rate and a 
bigger BAM file compared to STAR and Novoalign (Table 1).   
We found that reporting multi-mapped reads or reporting randomly one position 
increases the percentage of mapping close to 100% but at the cost of lower precision, which 
confirms previous results (Baruzzo et al., 2016; Yu et al., 2012). Discarding multi-mapped 
reads is a real cost for evolutionary young family due to quasi-identical copies. However, 
these families are the ones that are mostly regulated in the genome, by repression histone 
marks and DNA methylation (Barau et al., 2016; Pezic, Manakov, Sachidanandam, & Aravin, 
2014). As a conclusion, using multi-mapped reads or reporting randomly one position has to 
be done with precaution to avoid discarding the most important information of the TE fraction 
of the genome. 
 As with the uniquely-mapped reads, STAR and Novoalign were the best compromise 
to report multi-mapped reads or a random valid alignment. However, Novoalign had a big 
disadvantage, its computing time, especially using paired-end reads. Starting with more than 
three millions of paired-end reads simulated from the mouse chromosome 1, Novoalign 
randomly aligned this set of reads in 4.5 hours (Table 1) while STAR completed the same 
task in five minutes. As the amount of sequenced reads and the number of projects with 
sequencing data are growing, it is really important to have fast algorithms. This is why we 
recommend to use STAR for the mapping step. Nevertheless, different parameters have to 
be adapted for the study of transposable elements. By default, STAR reports up to 10 
alignments per read. The ENCODE project recommends to report up to 20 alignments per 
reads for long RNA sequencing pipeline. These guidelines are specific for pseudogenes. In 
the case of transposable elements study and high TE content genome, these parameters 
have to be tuned (see Methods). 
 
Quantification of transposable elements  
To highlight TE regulation, transposable element quantification is estimated and compared in 
different biological conditions. Dedicated methods have to be applied according to the 
parameters used during the alignment step. We demonstrated that quantification methods 
relying on uniquely-mapped reads underestimated the abundance of the youngest TE 
families, because of their low level of sequence diversity and consequently, low mapping 
performance (Figure 3A, Figure S3A).  
When using reads with multiple hits, we found that reporting randomly one position or 
weighting multi-mapped reads with the number of hits give rise to the same estimation. 
However, reporting multi-hits is more consuming in terms of storage and time. In the case of 
mouse simulation, the output is five times bigger (500 Mbytes to 2500 Mbytes) when multi-
hits are reported in comparison to the random mode. The increase in the rate and amount of 
sequencing data represents a high storage challenge for the community. Data analyses 
within transposon studies has to be conducted with taking care of the amount of processed 
data. For this reason, we recommend to report randomly one position per read.  
TEtools quantifies transposable elements using randomly reported reads with Bowtie 
or Bowtie2. However, this tool considers a list of TE sequences extracted from a genome or 
manually annotated as genomic references for the mapping. We showed that in the case of 
available assembled genomes, performing the mapping onto the reference genome gives 
rise to a better estimation of TE quantity in comparison to the strategy applied by TEtools. 
Indeed, using only a part of the genome assembly introduces a bias in the alignment for 
forcing the mapping to this genome extract. Consequently, regions used for the mapping are 
underestimated. The method used by TEtools could be compared to another strategy where 
TE consensus sequences provided by RepBase are used for the mapping step (Bao, Kojima, 
& Kohany, 2015). However, aligning reads against consensus sequences is even more 
complicated because additional mismatches have to be allowed and it should moreover lead 
to to an overestimation of the abundance of transposable elements. In the case of available 
assembly genomes, we recommend to align reads with the reference genome and extract 
expression with FeatureCounts. 
 
 
 
Transposable elements and their evolution  
Human and mouse genomes are estimated to contain 48.5% and 41.8% of TEs, 
respectively. Interestingly, using genome-wide simulation on these species, we observed a 
higher mappability in the human genome compared to the mouse one (Figure 3A, Figure 
S3A). These differences can be interpreted as reflecting a more recent activity of TEs in the 
mouse genome, and therefore a higher proportion of sequence homology among TE copies. 
The overview we provide here on the TE-specific mappability rate should help researchers 
qualifying their conclusions made on specific families. For instance, using uniquely-mapped 
reads on L1 young families, IAPEz, MERVL families will undoubtedly induce an 
underestimation of their abundance in NGS datasets. 
 
Conclusions 
Different mechanisms are involved in controlling TE activity. With the common usage of 
sequencing technologies, researchers are now able to provide detailed information of these 
regulatory modes, provided that appropriate alignment and quantification methods are 
applied. By comparing different available algorithms with simulated data generated onto the 
mouse and human genomes, we demonstrated the difficulty of analyzing evolutionary young 
TE families. Improvements can nonetheless be gained if the following recommendations are 
followed:  
1) paired-end library should be used in order to increase the uniqueness of sequenced 
fragments.  
2) During the alignment step, STAR is the best compromise between efficiency and 
speed. Parameters have to be set according to the TE content. 
3) Reporting randomly one position and using FeatureCounts to quantify TE families 
gives rise to the best estimation values.   
4) When TE annotation on an assembled genome is available, the mapping and the 
quantification should be done with the reference genome. 
5) Evolutionary young families suffer from low mappability rate and are severely 
underestimated if uniquely-mapped reads are reported. 
 
Methods 
Reconstruction of repeatMasker annotations 
Transposon annotations were downloaded from the RepeatMasker website (Smit, AFA, 
Hubley, R & Green, P. RepeatMasker Open-4.0. 2013-2015 
<http://www.repeatmasker.org>). As described in Bailly-Bechet et al., 2014, a dictionary was 
constructed for LTR retrotransposons that associated elements corresponding to the internal 
sequence and those corresponding to LTR sequences. With the latter and the RepeatMasker 
database, fragments of transposable elements corresponding to the same copy were merged 
if the distance between them is less than 1000bp. 
 
Simulation data pipeline 
2x100bp paired-end reads were simulated with ART v2.5.8 (Huang et al., 2012) mimicking 
Illumina HiSeq 2500 technologies (-m 200 –s 10). Simulated reads overlapping with 
reconstructed repeatMasker annotation were kept using Bedtools intersectBed v2.21.0. 
 
Mapping parameters:  
The following parameters were used for each mapper and mode.  
Unique mode :  
 Bowtie v1.0.0 : -m 1 -e 400 -v 3 --chunkmbs 100 -p 4 -I 0 -X 1000 --nomaqround -y --
best –strata 
 Novoalign v3.2.11 : -o SAM -r None -i 1000,200 -F STDFQ 
 STAR v2.5.2b : --runThreadN 4 --outSAMtype BAM SortedByCoordinate --runMode 
alignReads --outFilterMultimapNmax 1 --outFilterMismatchNmax 3 --alignEndsType 
EndToEnd --alignIntronMax 1 --alignMatesGapMax 350 
 Bowtie2 v2.1.0 : -N 1  -X 1000 -p 4 + post filtering keeping alignments when 
alignment score (AS tag) is higher than second valid alignment (XS tag). 
 BWA aln v0.7.15 : -t 4 -n 3 + post filtering keeping alignments when XT tag is equal to 
U (meaning Unique alignment) 
 BWA mem v0.7.15 : -t 4 -c 50000 -T 20 + post filtering keeping alignments when XT 
tag is equal to U (meaning Unique alignment) 
 
Random mode :  
 Bowtie v1.0.0 : -M 1 -e 400 -v 3 --chunkmbs 100 -p 4 -I 0 -X 1000 --nomaqround -y --
best --strata   
 Novoalign v3.2.11 : -o SAM -r Random -i 1000,200 -F STDFQ 
 STAR v2.5.2b : --runThreadN 4 --outSAMtype BAM SortedByCoordinate --runMode 
alignReads --outFilterMultimapNmax 10000 --outSAMmultNmax 1 --outFilterMismatchNmax 
3 --outMultimapperOrder Random --winAnchorMultimapNmax 1000 --alignEndsType 
EndToEnd --alignIntronMax 1 --alignMatesGapMax 350 
 Bowtie2 v2.1.0 : -N 1  -X 1000 -p 4 
 BWA aln v0.7.15 : -t 4 -n 3 
 BWA mem v0.7.15 : -t 4 -c 50000 -T 20 
 
Multi-hit mode :  
 Bowtie v1.0.0 : -a -m 5000 -e 400 -v 3 --chunkmbs 100 -p 4 -I 0 -X 1000 --
nomaqround -y --best --strata 
 Novoalign v3.2.11 : -o SAM -r All 5000 -i 1000,200 -F STDFQ 
 STAR v2.5.2b : --runThreadN 4 --outSAMtype BAM SortedByCoordinate --runMode 
alignReads --outFilterMultimapNmax 10000 --outFilterMismatchNmax 3 --
outMultimapperOrder Random --winAnchorMultimapNmax 1000 --alignEndsType EndToEnd 
--alignIntronMax 1 --alignMatesGapMax 350 
 Bowtie2 v2.1.0 : -N 1 -k 5000 -X 1000 -p 4 
 
Due to complex TE content in the mouse genome, parameters were adapted using STAR 
when genome-wide libraries were mapped.   
Mouse genome-wide mapping : 
 STAR v2.5.2b unique mode : --runThreadN 4 --outSAMtype BAM Unsorted --
runMode alignReads --outFilterMultimapNmax 5000 --outFilterMismatchNmax 3 --
outMultimapperOrder Random --winAnchorMultimapNmax 5000 --alignEndsType EndToEnd 
--alignIntronMax 1 --alignMatesGapMax 350 --seedSearchStartLmax 30 --
alignTranscriptsPerReadNmax 30000 --alignWindowsPerReadNmax 30000  --
alignTranscriptsPerWindowNmax 300 --seedPerReadNmax 3000 --seedPerWindowNmax 
300 --seedNoneLociPerWindow 1000  
 STAR v2.5.2b random mode : --runThreadN 4 --outSAMtype BAM Unsorted --
runMode alignReads --outFilterMultimapNmax 5000 --outSAMmultNmax 1 --
outFilterMismatchNmax 3 --outMultimapperOrder Random --winAnchorMultimapNmax 5000 -
-alignEndsType EndToEnd --alignIntronMax 1 --alignMatesGapMax 350 --
seedSearchStartLmax 30 --alignTranscriptsPerReadNmax 30000 --
alignWindowsPerReadNmax 30000  --alignTranscriptsPerWindowNmax 300 --
seedPerReadNmax 3000 --seedPerWindowNmax 300 --seedNoneLociPerWindow 1000 
 STAR v2.5.2b multi-hit mode : --runThreadN 4 --outSAMtype BAM Unsorted --
runMode alignReads --outFilterMultimapNmax 1 --outFilterMismatchNmax 3 --
outMultimapperOrder Random --winAnchorMultimapNmax 5000 --alignEndsType EndToEnd 
--alignIntronMax 1 --alignMatesGapMax 350 --seedSearchStartLmax 30 --
alignTranscriptsPerReadNmax 30000 --alignWindowsPerReadNmax 30000  --
alignTranscriptsPerWindowNmax 300 --seedPerReadNmax 3000 --seedPerWindowNmax 
300 --seedNoneLociPerWindow 1000 
 
 
 
Quantification comparison: 
repEnrich: as recommended by repEnrich, reads were first mapped with Bowtie v1.2 
reporting unique alignments and retrieving multi hits in fastq files (-m1 --max multimap.fastq). 
TE families were quantified using repEnrich v0.1. 
TEtools: repeatMasker annotation was first extended 300bp upstream and downstream in 
order to map reads located in the boundaries. TEtools v1.0.0 was used with Bowtie2 v2.2.4.  
TEtranscripts: STAR v2.5.2b was used with the recommended parameters (-- 
outAnchorMultimapNmax 100 --outFilterMultimapNmax 100). TEtranscipts v1.5.1 was run 
using unique and multiple modes.    
Unique, random and multiple counting methods: featureCounts v1.5.1 was used with 
specific options (-s 0 -p). The option -M was used for random and multiple counting methods. 
In the multiple couting method, --fraction option was also used in order to weight the counts 
for multi-mapped reads.    
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 Algorithm Library Mode 
Mapping 
percentage 
True 
Positive 
rate 
Memory in 
gbytes 
Running 
Time in 
minutes 
Output size 
in Mbytes 
bowtie PE unique 96,12725 99,99703 1,07 4,00 717,33 
bowtie SE unique 96,26772 99,98760 0,80 1,67 381,52 
bowtie2 PE unique 97,58530 99,99163 1,42 36,00 720,57 
bowtie2 SE unique 96,25897 99,93671 1,33 25,33 375,46 
Bwa aln PE unique 97,58600 99,99135 3,01 13,67 703,84 
Bwa aln SE unique 98,40958 98,52603 2,18 6,33 381,22 
Bwa mem PE unique 97,57669 99,99745 5,65 8,33 715,38 
Bwa mem SE unique 96,28285 99,98096 5,45 4,67 379,88 
novoalign PE unique 97,83211 99,99187 8,31 99,67 745,17 
novoalign SE unique 96,28793 99,98755 8,31 21,00 385,94 
STAR PE unique 97,79129 99,99166 18,12 2,33 693,70 
STAR SE unique 96,29801 99,96226 17,71 1,00 363,12 
bowtie PE random 99,95306 97,78786 1,07 4,00 722,46 
bowtie SE random 99,98993 97,48616 0,80 2,33 383,45 
bowtie2 PE random 99,99967 98,68378 1,42 47,00 738,73 
bowtie2 SE random 99,97064 97,42861 1,33 35,67 391,06 
Bwa aln PE random 99,99998 98,68727 3,01 13,67 733,20 
Bwa aln SE random 99,99814 97,47704 2,18 7,33 387,77 
Bwa mem PE random 99,99998 98,69222 6,05 9,33 744,88 
Bwa mem SE random 99,99998 97,47710 5,26 3,00 397,18 
novoalign PE random 99,99998 98,68797 8,31 100,67 748,47 
novoalign SE random 99,99998 97,48725 8,31 27,67 388,19 
STAR PE random 99,94355 98,68767 18,12 3,33 709,61 
STAR SE random 99,99103 97,47578 17,70 2,00 378,46 
bowtie PE multi 99,95306 97,41469 1,09 4,33 1032,87 
bowtie SE multi 99,98993 97,47888 0,82 2,00 540,64 
bowtie2 PE multi 99,99998 85,55682 11,92 71150,67 81772,06 
bowtie2 SE multi 99,99998 77,59895 6,34 62006,33 123387,84 
novoalign PE multi 99,99998 98,68698 8,31 83,67 800,39 
novoalign SE multi 99,99998 97,48601 8,31 24,00 572,07 
STAR PE multi 99,94355 98,69066 18,12 4,00 754,66 
STAR SE multi 99,99103 97,47921 17,64 2,00 541,40 
 
Table 1: Statistics for the different mappers with human chromosome 1 simulation 
data. 
Values correspond to the average values of three independent simulated libraries with a 10X 
coverage. SE and PE refer to single end and paired end, respectively. Post-mapping filtering 
were applied for Bowtie2, Bwa mem and aln algorithms in order to extract uniquely-mapped 
reads.  
 
 Algorithm Library Mode 
Mapping 
percentage 
True 
Positive 
rate 
Memory in 
gbytes 
Running 
Time in 
minutes 
Output size 
in Mbytes 
bowtie PE unique 91,87823 99,97913 0,92 3,00 583,36 
bowtie SE unique 92,05224 99,92287 0,69 1,33 311,38 
bowtie2 PE unique 94,57886 99,93802 1,28 38,00 572,58 
bowtie2 SE unique 92,08282 99,84845 1,18 32,67 294,64 
Bwa aln PE unique 94,62602 99,88782 2,66 15,67 553,86 
Bwa aln SE unique 96,60879 95,82612 1,85 3,00 310,30 
Bwa mem PE unique 94,54763 99,95728 8,77 19,33 563,50 
Bwa mem SE unique 92,08548 99,89624 8,40 4,67 299,76 
novoalign PE unique 95,55760 99,61473 7,62 226,33 609,08 
novoalign SE unique 92,08982 99,92307 7,61 31,67 315,96 
STAR PE unique 95,37882 99,80753 16,67 2,00 553,24 
STAR SE unique 92,23340 99,73004 16,18 2,33 285,06 
bowtie PE random 99,95300 93,67212 0,93 3,00 596,75 
bowtie SE random 99,99001 93,04126 0,69 2,33 317,67 
bowtie2 PE random 99,99991 95,89737 1,28 35,67 607,86 
bowtie2 SE random 99,98093 92,97406 1,18 25,67 324,26 
Bwa aln PE random 99,99998 95,94218 2,66 17,67 604,39 
Bwa aln SE random 99,99801 93,01531 1,85 4,00 322,33 
Bwa mem PE random 99,99998 95,94068 9,42 18,33 612,39 
Bwa mem SE random 99,99998 93,01096 7,96 6,33 329,82 
novoalign PE random 99,99998 95,84899 7,62 272,00 616,78 
novoalign SE random 99,99989 93,03697 7,61 30,67 322,72 
STAR PE random 99,94380 95,93094 16,67 5,00 583,02 
STAR SE random 99,99024 93,01921 16,26 2,00 314,19 
bowtie PE multi 99,95300 92,89719 0,98 18,33 7289,52 
bowtie SE multi 99,99001 93,01711 0,71 9,67 2747,64 
bowtie2 PE multi 99,99998 76,80653 11,53 28658,67 228148,51 
bowtie2 SE multi 99,99998 70,81391 8,74 8205,33 161697,48 
novoalign PE multi 99,99998 95,85903 7,62 307,67 2627,41 
novoalign SE multi 99,99989 93,03718 7,61 99,00 3176,37 
STAR PE multi 99,94380 95,93265 23,95 7,00 2575,59 
STAR SE multi 99,99024 93,02143 26,64 4,00 2831,57 
 
Table 1: Statistics for the different mappers with mouse chromosome 1 simulation 
data. 
Values correspond to the average values of three independent simulated libraries with a 10X 
coverage. SE and PE refer to single end and paired end, respectively. Post-mapping filtering 
were applied for Bowtie2, Bwa mem and aln algorithms in order to extract uniquely-mapped 
reads.  
 
  
 
Supplementary Figure 1: Comparison of mapper efficiency with human simulated data. 
(A) True Positive (TP) rate versus mapping percentage with chromosome 1 of the human 
genome. The dots are the average values of three independent simulated libraries. SE and 
PE refer to single end and paired end, respectively. (B) Use memory, run time and size of 
the BAM file with chromosome 1 of the human genome. The error bars correspond to 
standard deviation from three independent simulated libraries.  
  
 Supplementary Figure 2: Comparison of the methods for the quantification of human 
retrotransposon families. (A) Comparison of the estimated abundance versus the true 
abundance for different quantification methods using human simulated TE-derived library. An 
R-squared value (R2) was calculated to evaluate the correlation of estimated values between 
simulated values (B) Comparison of the estimated abundance versus the true abundance for 
TEtools and when randomly reported reads are used for the TE quantification with 
FeatureCounts (random counting method). A PE genome-wide library (10X coverage) was 
simulated using the human genome with STAR for the mapping. 
 Supplementary Figure 3: Mappability of the different human retrotransposon families. 
(A) True Positive (TP) rate versus mapping percentage per TE family using STAR and 
paired-end library and human simulated TE-derived reads. Black triangle represents the True 
Positive rate and percentage of mapping for the entire simulated library (B) Mapping 
percentage versus age of L1Md families. Dot colors represent the True Positive (TP) rate. 
Ages are obtained from previously published divergence analysis study (Khan et al., 2006) 
(C) Gain of True Positive in percentage versus gain of mapping in percentage when PE 
library are used in comparison to SE library.  
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♠ét❤②❧❛t✐♦♥ ❣é♥♦♠✐q✉❡ ❡st q✉❛s✐♠❡♥t ♥✉❧❧❡✱ ❛✈❡❝ ✉♥❡ ♠♦②❡♥♥❡ ❞❡ ✹✱✻✪ ❞❡ ♠ét❤②❧❛t✐♦♥✳
❉❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞✐✛ér❡♥❝✐é❡s ❡t ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s✱ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡s é❧é✲
♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞é♣❡♥❞ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ✭❍✉t♥✐❝❦ ❡t ❛❧✳✱ ✷✵✶✵❀ ❩❛♠✉❞✐♦
❡t ❛❧✳✱ ✷✵✶✺✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❝❡tt❡ ♠❛rq✉❡ ♥✬ét❛✐t ♣❛s ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❡ss❡♥t✐❡❧❧❡ à ❧❛
♠✐s❡ s♦✉s s✐❧❡♥❝❡ ❞❡s ❊❚ ❛✉ ❝♦✉rs ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡ ❡t ❞❛♥s ❧❡s ♠❊❙❈✱ q✉✐ s❡r❛✐t ❛❧♦rs
♣❧✉s ❞é♣❡♥❞❛♥t❡ ❞❡ ♠❛rq✉❡s ré♣r❡ss✐✈❡s ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ t❡❧❧❡s q✉❡ ❍✸❑✾♠❡✸✳ ❈❡tt❡
s✉♣♣♦s✐t✐♦♥ ét❛✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❜❛sé❡ s✉r ❧❡ ❢❛✐t q✉❡ s❡✉❧❡♠❡♥t ❧❡s é❧é♠❡♥ts ■❆P s♦♥t
❢♦rt❡♠❡♥t ❡①♣r✐♠és ❞❛♥s ❧❡ ❝❛s ❞❡ ❝❡❧❧✉❧❡s ♠✉té❡s ♣♦✉r ❉♥♠t✶✱ ❉♥♠t✸❛ ❡t ❉♥♠t✸❜
✭♠❊❙❈ ❉♥♠t t❑❖✮✱ ❛❧♦rs q✉❡ ❧❛ ré❛❝t✐✈❛t✐♦♥ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❧❛r❣❡ ❡t ♠❛ss✐✈❡ ❡♥ ❝❛s
❞❡ ♠✉t❛t✐♦♥s ❞❡ ❧✬❍✸❑✾ tr✐♠ét❤②❧❛s❡ ❙❡t❞❜✶ ✭❑❛r✐♠✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳
■❧ ❡st rès ♣♦ss✐❜❧❡ q✉❡ ❧❡s ❝❡❧❧✉❧❡s ❉♥♠t t❑❖ s❡ s♦✐❡♥t ❛❞❛♣té❡s à ❝❡t ét❛t ❤②✲
♣♦♠ét❤②❧é ❝♦♥st✐t✉t✐❢ ❛✈❡❝ ❞❡s ♠é❝❛♥✐s♠❡s ❝♦♠♣❡♥s❛t♦✐r❡s q✉✐ s❡ s♦♥t ♠✐s ❡♥ ♣❧❛❝❡ ❞❛♥s
✶✻✸
❧❡ t❡♠♣s ♣♦✉r ré♣r✐♠❡r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✳ P♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s✱ ♥♦tr❡ s②stè♠❡
❝❡❧❧✉❧❛✐r❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ✐♥❞✉✐t❡ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ s✉✐✈r❡ ❧❛ ré♣♦♥s❡ ✐♠♠é❞✐❛t❡ ❞❡s
❝❡❧❧✉❧❡s ❧♦rs ❞❡ ♣❤❛s❡ ❞❡ tr❛♥s✐t✐♦♥ ❞✬✉♥ ét❛t ❤②♣❡r♠ét❤②❧é à ✉♥ ét❛t ❤②♣♦♠ét❤②❧é✳ ▲❡s
❞♦♥♥é❡s tr❛♥s❝r✐♣t♦♠✐q✉❡s ❡♥ ❝♦♥❞✐t✐♦♥ sér✉♠✱ ❡t ❛♣rès ✻ ❡t ✶✸ ❥♦✉rs ❡♥ ♠✐❧✐❡✉ ✷✐✰❱✐t❈
♠❡tt❡♥t ❡♥ é✈✐❞❡♥❝❡ ❞❡✉① ♣❤❛s❡s ❞❡ ré❣✉❧❛t✐♦♥✳ ▲❛ ♣r❡♠✐èr❡ ♣❤❛s❡ s❡ ❝❛r❛❝tér✐s❡ ♣❛r
✉♥❡ ré❡①♣r❡ss✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✱ ✹✵ ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s s♦♥t
❛✐♥s✐ ré❛❝t✐✈é❡s à ✻ ❥♦✉rs ❞❡ ❝♦♥✈❡rs✐♦♥✳ ❈❡ ♣r❡♠✐❡r rés✉❧t❛t r❡♠❡t ❞♦♥❝ ❡♥ ❝❛✉s❡ ❧❡s
♣ré❝é❞❡♥ts rés✉❧t❛ts✱ ♣r♦✉✈❛♥t q✉❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆ ❥♦✉❡ ✉♥ rô❧❡ ❞❡ ré❣✉❧❛t❡✉r
♣♦✉r ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❧❡s ♠❊❙❈✳ ❊♥ ✉t✐❧✐s❛♥t ✉♥❡ ❛♥❛❧②s❡ ♣❧✉s ♣ré✲
❝✐s❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❤❛q✉❡ ❝♦♣✐❡ ❡♥ r❡♣♦rt❛♥t ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s✱ ❥✬❛✐ ❛✉ss✐ ♣✉ ♠♦♥tr❡r
q✉❡ ❧❛ ré❛❝t✐✈❛t✐♦♥ ♥✬❡st ♣❛s s♣é❝✐✜q✉❡ à ✉♥ s♦✉s✲❡♥s❡♠❜❧❡ ❞✬é❧é♠❡♥ts ♦✉ à ✉♥❡ ré❣✐♦♥
❣é♥♦♠✐q✉❡✳ ❊❧❧❡ ❡st ❡♥ ❢❛✐t ✐♥❞✉✐t❡ ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s é❧é♠❡♥ts ❞✬✉♥❡ ❢❛♠✐❧❧❡ q✉✐ s♦♥t
✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ré✲❡①♣r✐♠és à ✻ ❥♦✉rs✳ ▲❛ s✉r✲❡①♣r❡ss✐♦♥ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❡st
♣r♦❜❛❜❧❡♠❡♥t s♦✉s✲❡st✐♠é❡ ❞✉ ❢❛✐t q✉❡ s❡✉❧❡♠❡♥t ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s ♦♥t été r❡♣♦rté❡s✳
▲❛ s❡❝♦♥❞❡ ♣❤❛s❡ ✭❡♥tr❡ ✻ ❡t ✶✸ ❥♦✉rs ❞❡ ❝♦♥✈❡rs✐♦♥✮ ❝♦rr❡s♣♦♥❞ à ✉♥❡ r❡♠✐s❡ s♦✉s ❝♦♥✲
trô❧❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s✿ ✶✷ ❢❛♠✐❧❧❡s s♦♥t ❛✐♥s✐ t♦t❛❧❡♠❡♥t r❡♠✐s❡s s♦✉s s✐❧❡♥❝❡✳
❚♦✉t❡s ❧❡s ❢❛♠✐❧❧❡s ❞❡ ❊❚ ♥❡ r❡✈✐❡♥♥❡♥t ♣❛s à ❧❡✉r ♥✐✈❡❛✉ ❞✬❡①♣r❡ss✐♦♥ ✐♥✐t✐❛❧✱ ❝❡rt❛✐♥❡s
s♦♥t ♣❧✉s ♦✉ ♠♦✐♥s ❡①♣r✐♠é❡s ♣❛r r❛♣♣♦rt à ❧❛ ❝♦♥❞✐t✐♦♥ sér✉♠ ♠ét❤②❧é❡✳
❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❝❡tt❡ ♣❤❛s❡ ❞❡ ré♣r❡ss✐♦♥✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ♠❛rq✉❡s ❝❤r♦♠❛✲
t✐♥✐❡♥♥❡s ❍✸❑✾♠❡✸ ❡t ❍✸❑✷✼♠❡✸ ❛ été ♣r♦✜❧é❡ ♣❛r ❈❤■P✲s❡q ❡t ❛ ré✈é❧é ❞❡s ❝♦♠♣♦rt❡✲
♠❡♥ts ✈❛r✐❛❜❧❡s s✉✐✈❛♥t ❧❡s ❢❛♠✐❧❧❡s ❞❡ ❊❚✳ ▲✬ét✉❞❡ ❞❡ ❝❡s ❞❡✉① ♠❛rq✉❡s ❝❤r♦♠❛t✐♥✐❡♥♥❡s
❛✉ ❝♦✉rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ❛ ❡♥ ❡✛❡t ♣❡r♠✐s ❞❡ ❝❧❛ss❡r ❧❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❡♥ tr♦✐s ❝❛té❣♦r✐❡s ✿ ❆✮ ❧❡s ❢❛♠✐❧❧❡s q✉✐ tr❛♥s✐t✐♦♥♥❡♥t t♦t❛❧❡♠❡♥t ❞✬✉♥
❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ❍✸❑✾♠❡✸ à ❍✸❑✷✼♠❡✸✱ ❡t ❝✬❡st ✐❝✐ ❧❡ ❝❛s s♣é❝✐✜q✉❡ ❞❡s ▼❊❘❱▲✱ ❇✮
❧❡s ❢❛♠✐❧❧❡s q✉✐ ♠❛✐♥t✐❡♥♥❡♥t ❡t ❛✉❣♠❡♥t❡♥t ♠ê♠❡ ❧❡✉r ❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ❍✸❑✾♠❡✸✱ ❝❡
q✉✐ ❡st ❧❡ ❝❛s ❧❡ ♣❧✉s ❢réq✉❡♥t ♣♦✉r ❧❡s ❊❘❱❑✱ ❝♦♠♠❡ ❧❡s ■❆P❊③✱ ❈✮ ❧❡s ❢❛♠✐❧❧❡s q✉✐
❛❝q✉✐èr❡♥t ❍✸❑✷✼♠❡✸ t♦✉t ❡♥ ♠❛✐♥t❡♥❛♥t ❍✸❑✾♠❡✸✱ ❝♦♠♠❡ ❧❡s é❧é♠❡♥ts ▼▼❊❘●▲◆✱
▼✉▲❱ ❡t ▲✶✳ ▲✬❛♥❛❧②s❡ ❞✉ ♣r♦✜❧ ♠♦②❡♥ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❧❡ ❧♦♥❣ ❞❡s séq✉❡♥❝❡s ♠✬❛
♣❡r♠✐s ❞❡ ❝♦♥❝❧✉r❡ q✉❡ ❝❡s ❞❡✉① ♠❛rq✉❡s ♦❝❝✉♣❡♥t ❞❡s t❡rr✐t♦✐r❡s ❞✐✛ér❡♥ts ✿ ❧❛ ♠❛rq✉❡
❍✸❑✾♠❡✸ ❡st r❡tr♦✉✈é❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ré❣✐♦♥ ✺✬ ❞❡ ❝❡s é❧é♠❡♥ts ❛❧♦rs q✉❡ ❍✸❑✷✼♠❡✸ s❡
tr♦✉✈❡ ❡♥ ré❣✐♦♥ ✸✬✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❛♥❛❧②s❡ ♣r♦❞✉✐t ✉♥ ♣r♦✜❧ ♠♦②❡♥ ♣♦✉r ❧✬❡♥s❡♠❜❧❡
❞❡s ❝♦♣✐❡s ❞✬✉♥❡ ❢❛♠✐❧❧❡ ❡t ♥❡ ♣❡r♠❡t ❞♦♥❝ ♣❛s ❞❡ s❛✈♦✐r s✐ ❧❡s ❞❡✉① ♠❛rq✉❡s ♦❝❝✉♣❡♥t
ré❡❧❧❡♠❡♥t ❧❡s ♠ê♠❡s é❧é♠❡♥ts✳
✶✻✹
❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❧❛ ré❣✉❧❛t✐♦♥ ❜✐♣❤❛s✐q✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❛✉
❝♦✉rs ❞✬✉♥❡ ♣❡rt❡ ♣r♦❣r❡ss✐✈❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❛ été ré❝❡♠♠❡♥t r❡tr♦✉✈é❡ ❞❛♥s ✉♥ ❛✉tr❡
s②stè♠❡ ✭❇❡rr❡♥s ❡t ❛❧✳✱ ✷✵✶✼✮✿ ✐❧ s✬❛❣✐t ❧à ❞❡ ♠❊❙❈ ♦ù ❧❡ ❣è♥❡ ❉♥♠t✶ ❡st ❞é❧été ❞❡
♠❛♥✐èr❡ ✐♥❞✉❝t✐❜❧❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❛♣rès ✻ ❥♦✉rs ❞❡ ❞é❧ét✐♦♥✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥
❛tt❡✐♥t ✷✵✪ ❛❧♦rs q✉❡ ♥♦tr❡ s②stè♠❡ ✐♥❞✉✐t ✉♥❡ ❞é♠ét❤②❧❛t✐♦♥ ♣❧✉s ❞r❛st✐q✉❡ ✭✹✱✺✪✮✱
r❡✢ét❛♥t ❧❡ ♥✐✈❡❛✉ ❛tt❡✐♥t ❞❛♥s ❧❡s P●❈✳ ❆✉ ❝♦✉rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥✱ ❧❡s
❛✉t❡✉rs ♦♥t ♦❜s❡r✈é q✉❡ ✶✶ ❢❛♠✐❧❧❡s ❞❡ ❊❚✱ ✉♥✐q✉❡♠❡♥t ❞❡s ❊❘❱ ❞♦♥t ❧❡s ■❆P ❡t ❧❡s
▼❊❘❱▲✱ s♦♥t ré❛❝t✐✈é❡s ♣✉✐s s♦♥t r❡♠✐s s♦✉s ❝♦♥trô❧❡✳ ▲❡s é❧é♠❡♥ts ▲■◆❊ ♥❡ s♦♥t ♣❛s
❛✛❡❝tés ♣❛r ❧❛ ♣❡rt❡ ❞❡ ♠ét❤②❧❛t✐♦♥✳ ❉❛♥s ❝❡tt❡ ét✉❞❡✱ ❧❛ ré✲❡①♣r❡ss✐♦♥ ❞❡s ❊❚ ❡st
s✉✐✈✐❡ ✐♠♠é❞✐❛t❡♠❡♥t ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ❞é❢❡♥s❡✱ ❞❡ t②♣❡ ✐♥t❡r❢ér❡♥❝❡ à ❆❘◆✱ q✉✐
❞é❣r❛❞❡ ❧❡s tr❛♥s❝r✐ts ❞❡s ❊❚ ❡♥ ♣❡t✐ts ❆❘◆✳ ❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ❧❡s ♠❛rq✉❡s
❝❤r♦♠❛t✐♥✐❡♥♥❡s ❍✸❑✾♠❡✸ ❡t ❍✸❑✷✼♠❡✸ s♦♥t ét❛❜❧✐❡s ❛✉ ♥✐✈❡❛✉ ❞❡s ❊❚✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝
♥♦s rés✉❧t❛ts✳
◆♦tr❡ ét✉❞❡ s✉r ✉♥ ♠♦❞è❧❡ ❡♥ ❝✉❧t✉r❡ ❛ ❥❡té ❧❡s ❥❛❧♦♥s ♣♦✉r ❛♥❛❧②s❡r ❧❡s tr❛♥s✐t✐♦♥s
❝❤r♦♠❛t✐♥✐❡♥♥❡s q✉✐ s✬♦♣èr❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s ❊❚ ❛✉ ❝♦✉rs ❞❡s ✈❛❣✉❡s ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ✓
♥❛t✉r❡❧❧❡ ✔ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡✳ ❆✐♥s✐✱ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ♠ét❤♦❞❡s ❛❞❛♣té❡s
à ❞❡s ♣❡t✐t❡s q✉❛♥t✐tés ❞❡ ❝❡❧❧✉❧❡s ✭♠✐❝r♦❈❤■P✮✱ ✐❧ ❛ été ♣❧✉s ré❝❡♠♠❡♥t ♠♦♥tré q✉❡ ❧❡s
é❧é♠❡♥ts à ▲❚❘ s♦♥t ❡♥r✐❝❤✐s ❡♥ ❍✸❑✾♠❡✸ ❛✉ ❝♦✉rs ❞✉ st❛❞❡ ♣ré✲✐♠♣❧❛♥t❛t♦✐r❡ ❧♦rs ❞❡
❧❛ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ❞❡ ❧✬❡♠❜r②♦♥ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✽✮✳ ❊♥ r❡✈❛♥❝❤❡✱
✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝❧❛✐r ❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ❍✸❑✷✼♠❡✸ ❛✉ ♥✐✈❡❛✉ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s✲
❛❜❧❡s ✭▲❚❘✱ ▲■◆❊ ❡t ❙■◆❊✮ ♣❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ét✉❞❡ ♥❡ r❡♥tr❡
♣❛s ❞❛♥s ❧✬ét✉❞❡ ❞❡s s♦✉s✲❢❛♠✐❧❧❡s✱ ❝❡ q✉✐ ♣❡r♠❡ttr❛✐t ♣♦✉rt❛♥t ❞✬❛✈♦✐r ✉♥❡ ✈✐s✐♦♥ ♣❧✉s
♣ré❝✐s❡✳ ❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❧❛ ♣rés❡♥❝❡ s✐♠✉❧t❛♥é❡ ❞❡s ♠❛rq✉❡s ❝❤r♦♠❛t✐♥✐❡♥♥❡s
❍✸❑✷✼♠❡✸ ❡t ❍✸❑✾♠❡✸ ❛ ❞é❥à été r❡♣♦rté❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❞❛♥s ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❤②♣♦♠ét❤②❧é❡s ✭▲✐✉ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❡♥
❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts tr♦✉✈és ❞❛♥s ♥♦tr❡ s②stè♠❡ ❝❡❧❧✉❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬ét✉❞❡ ❞❛♥s
❧❡s P●❈ ♥✬❛ ♣❛s ♠✐s ❡♥ é✈✐❞❡♥❝❡ s✐ ❝❡s ❞❡✉① ♠❛rq✉❡s ♦❝❝✉♣❛✐❡♥t ❞❡s ❝♦♣✐❡s ✐❞❡♥t✐q✉❡s
❡t ♦ù ❡❧❧❡s s❡ s✐t✉❛✐❡♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ séq✉❡♥❝❡ ❞❡s ❊❚✳ ◆♦tr❡ s②stè♠❡ r❡♣rés❡♥t❡ ❞♦♥❝
✉♥ ♠♦❞è❧❡ ♣♦✉r ét✉❞✐❡r ❧❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s q✉✐ ❛ss✉r❡♥t ❧❡ ❝♦♥trô❧❡ ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ❧♦rsq✉❡ ❧❡ ❣é♥♦♠❡ s✉❜✐t ❞❡s ✈❛❣✉❡s ❞❡ r❡♣r♦❣r❛♠♠❛t✐♦♥ ❞❡ ♠ét❤②❧❛t✐♦♥✳
▲❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ tr♦✐s ❝❛té❣♦r✐❡s ❞✬é❧é♠❡♥ts s✬❛✈èr❡ ✉t✐❧❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ❝♦♠✲
♣❧❡①❡s ❡t ❞❡s ❢❛❝t❡✉rs s♣é❝✐✜q✉❡s ❞❡ ❧❛ ré♣r❡ss✐♦♥ ❞❡ ❝❤❛❝✉♥ ❞✬❡✉① ❧♦rs ❞❡ ❧✬❡✛❛❝❡♠❡♥t
❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✳ ❈❡❝✐ ❛ ❞✬❛✐❧❧❡✉rs s❡r✈✐ ❞❡ ❜❛s❡ ♣♦✉r ❧❛ ♠✐s❡ ❛✉
✶✻✺
♣♦✐♥t ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡ ♣r♦t♦❝♦❧❡s ❞❡ ❝r✐❜❧❛❣❡ ♣♦✉r ❞❡s ♥♦✉✈❡❛✉① ré♣r❡ss❡✉rs ❞❡ ❊❚✱
❡♥ ♣rés❡♥❝❡ ♦✉ ❡♥ ❛❜s❡♥❝❡ ❞❡ ♠ét❤②❧❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ❡♥ ❝❤♦✐s✐ss❛♥t ❞❡ ❝♦♠♣❛r❡r tr♦✐s
é❧é♠❡♥ts ❡♠❜❧é♠❛t✐q✉❡s ❞❡s tr♦✐s ❝❛té❣♦r✐❡s ❝❤r♦♠❛t✐♥✐❡♥♥❡s q✉❡ ♥♦✉s ❛✈✐♦♥s ✐❞❡♥t✐✜é❡s
✿ ▼❊❘❱▲ ✭❆✮✱ ■❆P❊③ ✭❇✮✱ ❡t ▲■◆❊✶✲❆ ✭❈✮✳
❘é❣✉❧❛t✐♦♥ s♣é❝✐✜q✉❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❛r ❧✬❆❉◆
♠ét❤②❧tr❛♥s❢ér❛s❡ ❉◆▼❚✸❈
❆❧♦rs q✉❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡s ❆❉◆ ♠ét❤②❧tr❛♥s❢ér❛s❡s ❝❤❡③ ❧❛ s♦✉r✐s ét❛✐t ❝♦♥s✐❞éré❡
❝♦♠♠❡ ❝♦♠♣♦sé❡ ❞❡ ✹ ♠❡♠❜r❡s✱ ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ❛ ✐❞❡♥t✐✜é ❞❡ ♠❛♥✐èr❡ ✐♥❛tt❡♥❞✉❡ ✉♥❡
❝✐♥q✉✐è♠❡ ♠ét❤②❧tr❛♥s❢ér❛s❡ ❞♦té❡ ❞✬✉♥❡ ❛❝t✐✈✐té ❡♥③②♠❛t✐q✉❡ ❞❡ ♥♦✈♦ q✉❡ ♥♦✉s ❛✈♦♥s
❛♣♣❡❧é❡ ❉◆▼❚✸❈ ✭❇❛r❛✉ ❡t ❛❧✳✱ ✷✵✶✻✮ ✭✈♦✐r P❛rt✐❡ ✸✳✷✮✳
❈❡tt❡ ❞é❝♦✉✈❡rt❡ ❢❛✐t s✉✐t❡ à ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ t②♣❡ ♠✉t❛❣❡♥ès❡ ❛❧é❛t♦✐r❡ ♣♦✉r r❡❝❤❡r❝❤❡r
❞❡s ♠✉t❛♥ts ❛✈❡❝ ✉♥ ♣❤é♥♦t②♣❡ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❧✐é à ✉♥❡ ré❛❝t✐✈❛t✐♦♥ ❞❡s ❊❚ ✭❞❡ t②♣❡
❉♥♠t✸❧ ✲❑❖ ♦✉▼✐❧✐✲❑❖✮✳ ❈♦♠♣t❡ t❡♥✉ ❞❡s ♠✉t❛t✐♦♥s ❣é♥ér❛❧❡♠❡♥t ✐♥❞✉✐t❡s ♣❛r ❧✬❛❣❡♥t
❊◆❯ ✭❞❡s s✉❜st✐t✉t✐♦♥s✮✱ ❧❡ séq✉❡♥ç❛❣❡ ❞❡ ❧✬❡①♦♠❡ ❞❡s ♠✉t❛♥ts ❛♥❛❧②sés ❞❡✈❛✐t ♣❡r♠❡t✲
tr❡ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧✬é✈è♥❡♠❡♥t ❣é♥ét✐q✉❡ ❝❛✉s❛t✐❢✳ ❉❡ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❢♦♥❞
❣é♥ét✐q✉❡ ✭❈✸❍❡❇✴❋❡❏✮ ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ❞✉ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ✭❈✺✼❇▲✴✻❏✮ ♣♦✉r ❧❡
❝r✐❜❧❛❣❡✱ ❥✬❛✐ ♦❜t❡♥✉ ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬é✈è♥❡♠❡♥ts ✭❙◆P ♦✉ ✐♥❞❡❧s✮ ❢❛✉①✲♣♦s✐t✐❢s
s❛♥s rés✉❧t❛t ❝♦♥❝❧✉❛♥t✳ ❙✉✐t❡ ❛✉ séq✉❡♥ç❛❣❡ ❞❡ ❧❡✉r ❣é♥♦♠❡ ❝♦♠♣❧❡t✱ ✐❧ s✬❡st ❛✈éré q✉❡
❝❡s ♠✉t❛♥ts ét❛✐❡♥t ❡♥ ❢❛✐t ♣♦rt❡✉rs ❞✬✉♥❡ ✐♥s❡rt✐♦♥ ✐♥tr♦♥✐q✉❡ ❞✬✉♥ é❧é♠❡♥t ■❆P❊③✱
é✈è♥❡♠❡♥t ♣r♦❞✉✐t ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡ ❧❛ ♠✉t❛❣❡♥ès❡ ✉t✐❧✐sé❡✱ ❞❛♥s ❧❛ ❝♦❧♦♥✐❡ s❛✉✈❛❣❡
s✉r ❧❛q✉❡❧❧❡ ❧❡ ❝r✐❜❧❛❣❡ ❛✈❛✐t été ré❛❧✐sé✳ ▲❡s ❞✐✣❝✉❧tés r❡♥❝♦♥tré❡s ♣♦✉r ✐❞❡♥t✐✜❡r ❝❡tt❡
✐♥s❡rt✐♦♥ ♠❡tt❡♥t ❡♥ ❧✉♠✐èr❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ tr❛✈❛✐❧❧❡r s✉r ✉♥❡ ❧✐❣♥é❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡
❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡st ❛ss❡♠❜❧é ♣♦✉r ♣♦✉✈♦✐r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ♠✉t❛t✐♦♥s ✭❙◆P✱
✐♥❞❡❧s✮✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❛ ❧✐❣♥é❡ ❈✸❍❡❇✴❋❡❏ ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ❝r✐❜❧❛❣❡ ❡st ❡♥ ❢❛✐t ❝♦♥✲
♥✉❡ ♣♦✉r ❛✈♦✐r ✉♥❡ ❣r❛♥❞❡ ♣r♦♣♦rt✐♦♥ ❞✬✐♥s❡rt✐♦♥s ❞❡ ♥♦✈♦ ❞✬é❧é♠❡♥ts ■❆P r❡♣rés❡♥t❛♥t
✽✵✪ ❞❡s ✐♥s❡rt✐♦♥s ❞❡ ❊❚ ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ❧❛ ❧✐❣♥é❡ ❈✺✼❇▲✴✻❏ ✭◆❡❧❧å❦❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳
❆❧♦rs q✉❡ ❧❡ ♣❤é♥♦t②♣❡ ❞é✈❡❧♦♣♣❡♠❡♥t❛❧ ❞❡ stér✐❧✐té ♠â❧❡ ❡t ❧❛ ré❛❝t✐✈❛t✐♦♥ ❞❡s é❧é✲
♠❡♥ts ■❆P ❡t ▲■◆❊✶ ❞❡s ♠✉t❛♥ts ❉♥♠t✸❝ ét❛✐❡♥t ✐❞❡♥t✐q✉❡s à ❝❡✉① ❞❡ ♠✉t❛♥ts ❉♥♠t✸❧✱
❧❡s ♠✉t❛♥ts ❉♥♠t✸❧ ❡t ❉♥♠t✸❝ s❡ s♦♥t ❛✈érés ❛✈♦✐r ❞❡s ♣r♦✜❧s ❞❡ ♠ét❤②❧❛t✐♦♥ très ❞✐❢✲
❢ér❡♥ts✱ ré✈é❧és ♣❛r ❧✬❛♥❛❧②s❡ ❲●❇❙ ❞❡ ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s tr✐é❡s à ✶✵ ❥♦✉rs ❛♣rès ❧❛
♥❛✐ss❛♥❝❡✳ ❆❧♦rs q✉❡ ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❞❡s ♠✉t❛♥ts ❉♥♠t✸❧ ♥❡ s♦♥t ♣❧✉s
✶✻✻
♠ét❤②❧é❡s q✉✬à ✹✵✪✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ❣❧♦❜❛❧ ❞❡s ♠✉t❛♥ts ❉♥♠t✸❝ ❡st q✉❛s✐
✐❞❡♥t✐q✉❡ à ❝❡❧✉✐ ❞❡s s♦✉r✐s s❛✉✈❛❣❡s ✭✼✼✳✺✪ ✈❡rs✉s ✼✽✳✺✪✮✳ ❯♥❡ ❛♥❛❧②s❡ ♣❛r ❢❛♠✐❧❧❡
♠✬❛ ♣❡r♠✐s ❞❡ ré✈é❧❡r q✉❡ ❧❡s ❢❛♠✐❧❧❡s ▲✶ ❥❡✉♥❡s ✭▲✶▼❞❴❆✱ ▲✶▼❞❴●❢✱ ▲✶▼❞❴❚✮ ❡t
❧❡s ❢❛♠✐❧❧❡s ❊❘❱❑ ét❛✐❡♥t ❤②♣♦♠ét❤②❧é❡s✳ ❉❡ ♣❧✉s✱ ❣râ❝❡ ✉♥❡ ét✉❞❡ ❛♣♣r♦❢♦♥❞✐❡ ❛✉
♥✐✈❡❛✉ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s ❊❚✱ ❥✬❛✐ ♣✉ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧❛ s♣é❝✐✜❝✐té ❞❡ ❝✐❜❧❛❣❡
❣é♥♦♠✐q✉❡ ❞❡ ❉◆▼❚✸❈✳ ❊♥ ❡✛❡t✱ s❡✉❧❡s ❧❡s ré❣✐♦♥s ♣r♦♠♦tr✐❝❡s ❞❡s é❧é♠❡♥ts ▲■◆❊✶
❝♦♠♣❧❡ts ✭❧♦♥❣✉❡✉r ❃ ✺ ❦❜✮ ❡t ❥❡✉♥❡s s♦♥t ❛✛❡❝té❡s ♣❛r ❧✬❤②♣♦♠ét❤②❧❛t✐♦♥ ❝❤❡③ ❧❡s ♠✉✲
t❛♥ts ❉♥♠t✸❝✳ ❈❡❝✐ ❡st ❛✉ss✐ r❡tr♦✉✈é ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ♣♦✉r ❧❡s ♣r♦♠♦t❡✉rs
❞❡s é❧é♠❡♥ts ❊❘❱❑ ❧❡s ♣❧✉s ❥❡✉♥❡s é❣❛❧❡♠❡♥t ✭■❆P❊③ ❡t ▼▼❊❘❱❑✶✵❈✮✱ ♠❛✐s ❧❛ ❞✐❢✲
❢ér❡♥❝❡ ❡st ♠♦✐♥s ❞r❛st✐q✉❡ ❞✉ ❢❛✐t ❞❡ ❧❛ rét❡♥t✐♦♥ ❞✬✉♥ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ✐♠♣♦rt❛♥t
s✉r ❝❡s séq✉❡♥❝❡s ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ❞é♠ét❤②❧❛t✐♦♥ ❞❡s P●❈✳ ❉❡ ❢❛ç♦♥ ❛♥❛❧②t✐q✉❡✱ ❧✬â❣❡
❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❡st ❞é❞✉✐t ♣❛r ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦❧②♠♦r♣❤✐s♠❡s ❡♥tr❡ ❧❛ séq✉❡♥❝❡
❞✬✉♥ é❧é♠❡♥t ❡t ❧❛ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❝♦rr❡s♣♦♥❞❛♥t❡✱ ✐♥❢♦r♠❛t✐♦♥ ✐ss✉❡
❞❡ ❧✬❛♥♥♦t❛t✐♦♥ ❘❡♣❡❛t▼❛s❦❡r✳ ▲❡ ❢❛✐t q✉❡ s❡✉❧s ❧❡s ▲✶ ❝♦♠♣❧❡ts ❡t ❥❡✉♥❡s s♦✐❡♥t ❤②✲
♣♦♠ét❤②❧és ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❉♥♠t✸❝✲❑❖ ✐♠♣❧✐q✉❡ q✉❡ ❧✬❛❝t✐✈✐té tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❞✬✉♥
é❧é♠❡♥t ▲✶ ❡st s❛♥s ❞♦✉t❡ r❡q✉✐s❡ ♣♦✉r êtr❡ ❝✐❜❧é ♣❛r ❉◆▼❚✸❈✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❝❡❝✐✱
❧❡ ♣r♦✜❧ ❞❡ ♠ét❤②❧❛t✐♦♥ très s♣é❝✐✜q✉❡ ❞❡s ♠✉t❛♥ts ❉♥♠t✸❝ ❡st ❛✉ss✐ r❡tr♦✉✈é ❝❤❡③ ❧❡s
♠✉t❛♥ts ▼✐❧✐ ❡t ▼✐✇✐✷✱ ♣r♦té✐♥❡ P■❲■ ✐❞❡♥t✐✜é❡ ❞❛♥s ❧❡ ❝♦♠♣❧❡①❡ ♣✐❘◆❆✲P✐✇✐ ✭✈♦✐r
P❛rt✐❡ ✶✳✷✳✺✮ ✭▼❛♥❛❦♦✈ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❯♥ s❝é♥❛r✐♦ ♣♦ss✐❜❧❡ ❡st ❞♦♥❝ q✉❡ ❧❡s ❊❚ q✉✐ s✉❜✐s✲
s❡♥t ❧❛ ❞é♠ét❤②❧❛t✐♦♥ ❞❛♥s ❧❡s P●❈ s♦✐❡♥t tr❛♥s❝r✐ts✱ q✉❡ ❝❡s tr❛♥s❝r✐ts s♦✐❡♥t ❝❧✐✈és ♣❛r
❧❛ ✈♦✐❡ ♣✐❆❘◆ ❡t q✉❡ ❧❡s ♣✐❆❘◆ ❛✐♥s✐ ♣r♦❞✉✐ts s❡r✈❡♥t ❞❡ ❣✉✐❞❡ ♣♦✉r ❝♦♥❞✉✐r❡ ❉◆▼❚✸❈
s✉r ❝❡s ❝♦♣✐❡s ❛❝t✐✈❡s✱ ♣❛r ❤♦♠♦❧♦❣✐❡ ❞❡ séq✉❡♥❝❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ♣❤②s✐q✉❡ ❞❡
❉◆▼❚✸❈ ❛✈❡❝ ✉♥ ❢❛❝t❡✉r ❞❡ ❧❛ ✈♦✐❡ P■❲■✲♣✐❘◆❆ r❡st❡ à ❞é✜♥✐r✳ P❛r q✉✐ ❡t ❝♦♠♠❡♥t
❉◆▼❚✸❈ ❡st ❣✉✐❞é❡ ✈❡rs ❧❡s séq✉❡♥❝❡s ♣r♦♠♦tr✐❝❡s ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❥❡✉♥❡s
❡t ❝♦♠♣❧❡ts❄
▲✬❛♥❛❧②s❡ tr❛♥s❝r✐♣t♦♠✐q✉❡ ♣❛r ❘◆❆✲s❡q ♠♦♥tr❡ ✉♥❡ s✉r✲❡①♣r❡ss✐♦♥ ❞❡s ❢❛♠✐❧❧❡s
▲✶▼❞❴❆✱ ▲✶▼❞❴●❢✱ ▲✶▼❞❴❚✱ ▼▼❊❘❱❑✶✵❈ ❡t ■❆P❊③ ❛✈❡❝ ✉♥❡ ré❛❝t✐✈❛t✐♦♥ ♣❧✉s
♠♦❞❡st❡ ♣♦✉r ❝❡s ❞❡✉① ❞❡r♥✐èr❡s ❢❛♠✐❧❧❡s✱ ❡♥ t♦t❛❧ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❛♥❛❧②s❡s ❞❡ ♠ét❤②✲
❧❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ s❡✉❧❡ ✉♥❡ ❛♥❛❧②s❡ ❝♦rré❧❛♥t ♠ét❤②❧❛t✐♦♥ ❡t ❡①♣r❡ss✐♦♥ ♣❛r ❝♦♣✐❡s
✐♥❞✐✈✐❞✉❡❧❧❡s ♣❡r♠❡ttr❛✐t ❞❡ ✈♦✐r s✐ t♦✉t❡s ❧❡s ❝♦♣✐❡s ❞é♣❡♥❞❛♥t❡s ❞❡ ❉♥♠t✸❝ s♦♥t ❡❢✲
❢❡❝t✐✈❡♠❡♥t ré❛❝t✐✈é❡s ❡♥ ❛❜s❡♥❝❡ ❞❡ ❉♥♠t✸❝ ❡t ❞❡ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ s❡s ❝✐❜❧❡s✳ ❈❡tt❡
❛♣♣r♦❝❤❡ ♥✬❡st ♣❛s ré❛❧✐s❛❜❧❡ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞❡ ❲●❇❙ ❡t ❞❡ ❘◆❆✲s❡q ❞♦♥t ♥♦✉s
❞✐s♣♦s♦♥s✱ q✉✐ ♦♥t été ré❛❧✐sé❡s s✉r ❧❡ ❢♦♥❞ ❈✸❍❡❇✴❋❡❏ ✉t✐❧✐sé ♣❛r ♥♦s ❝♦❧❧❛❜♦r❛t❡✉rs
✶✻✼
♣♦✉r ❧❛ ♠✉t❛❣❡♥ès❡ ❊◆❯✱ ❢♦♥❞ ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ✉t✐❧✐sé ♣♦✉r ❧✬❛ss❡♠❜❧❛❣❡ ❞✉ ❣é♥♦♠❡ ❞❡
ré❢ér❡♥❝❡ ✭❈✺✼❇▲✴✻❏✮ ✭❲❛t❡rst♦♥ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ■❧ ❡①✐st❡ ❞♦♥❝ ❞✉ ♣♦❧②♠♦r♣❤✐s♠❡ s♦✉s
❢♦r♠❡ ❞❡ ♠✉t❛t✐♦♥s✱ ♣❡t✐t❡s ✐♥s❡rt✐♦♥s✱ ❞é❧ét✐♦♥s✱ ✈❛r✐❛t✐♦♥s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❡♥tr❡ ❝❡s ❞❡✉① ❧✐❣♥é❡s ❞❡ s♦✉r✐s ✭◆❡❧❧å❦❡r ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❡♥❣❡♥❞r❛♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❞❡s
❡rr❡✉rs ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✳ ❆✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ❝✐❜❧❡s ❞❡
❉♥♠t✸❝ ❡t ❧❡s é❧é♠❡♥ts ré❛❝t✐✈és ❡♥ ❝♦♥❞✐t✐♦♥ ♠✉t❛♥t❡✱ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❘◆❆✲s❡q ❡t
❲●❇❙ ❞❡✈r❛✐❡♥t êtr❡ r❡✲séq✉❡♥❝és ❛✈❡❝ ❧❡s s♦✉r✐s ❉♥♠t✸❝✲❑❖ s✉r ❧❡ ❢♦♥❞ ❞❡ ré❢ér❡♥❝❡
❈✺✼❇▲✴✻❏ ✭q✉❡ ❧❡ ❧❛❜♦r❛t♦✐r❡ ❛ ❣é♥éré❡s ♣❛r ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❈❘■❙P❘✲❈❛s✾✮✳ ❉❡ ♣❧✉s✱
❧❡s ❞♦♥♥é❡s tr❛♥s❝r✐♣t♦♠✐q✉❡s ♦♥t été ré❛❧✐sé❡s s✉r ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ t❡st✐❝✉❧❡s ❡♥✲
t✐❡rs ❝♦♥t❡♥❛♥t ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ❡t ❞❡s ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s✳ ❖r✱ ❧❛ ré❛❝t✐✈❛t✐♦♥
❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♥✬❡st ✐♥❞✉✐t❡ q✉❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s✿ ♠ê♠❡ s✐ ❧❛
ré❛❝t✐✈❛t✐♦♥ ❡st ré❡❧❧❡✱ ✐❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡ ❞❡ q✉❛♥t✐✜❡r ♣ré❝✐sé♠❡♥t ❧❡ ♥✐✈❡❛✉ ❞❡ ré❛❝✲
t✐✈❛t✐♦♥ ❝❤❡③ ❧❡s ♠✉t❛♥ts ❉♥♠t✸❝✳ ▲❡s é❝❤❛♥t✐❧❧♦♥s à séq✉❡♥❝❡r ❞❡✈r❛✐❡♥t ❛✉ss✐ êtr❡
♣ré❛❧❛❜❧❡♠❡♥t tr✐és ❛✜♥ ❞❡ ♥❡ ❣❛r❞❡r q✉❡ ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s✳ ▲✬❛♥❛❧②s❡✱ ❡♥ ❝♦✉rs✱ ❞❡
❞♦♥♥é❡s ❞❡ ♠ét❤②❧❛t✐♦♥ ✭❲●❇❙✮ ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ r❡♠ét❤②❧❛✲
t✐♦♥ ✭❊✶✽✱✺✮ ❞❡s s♦✉r✐s s❛✉✈❛❣❡s ❡t ♠✉t❛♥t❡s ♣♦✉r ❉♥♠t✸❝ ✈♦♥t ♣❡r♠❡ttr❡ ❞❡ ❞✐st✐♥❣✉❡r
❧❡s ❝✐❜❧❡s ❞❡ ❉♥♠t✸❝ ❡t ❧❡s é❧é♠❡♥ts q✉✐ s♦♥t rés✐st❛♥ts à ❧❛ ♣❤❛s❡ ❞❡ ❞é♠ét❤②❧❛t✐♦♥✳
❆❧♦rs q✉❡ ❉◆▼❚✸❈ ❡st ❤❛✉t❡♠❡♥t s♣é❝✐✜q✉❡ ❡♥ ❞é♣♦s❛♥t ❧❛ ♠ét❤②❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉
❞❡s ré❣✐♦♥s ré❣✉❧❛tr✐❝❡s ❞❡s ❊❚ ❝♦♠♣❧❡ts ❥❡✉♥❡s✱ ✐❧ ❛ été ♣ré❝é❞❡♠♠❡♥t ♠♦♥tré q✉❡
❉◆▼❚✸❆ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ♠ét❤②❧❛t✐♦♥ ❞❡s ré❣✐♦♥s s♦✉♠✐s❡s à ❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡
✭❑❛♥❡❞❛ ❡t ❛❧✳✱ ✷✵✵✹✮ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ♣ré❝é❞❡♥t❡
ét✉❞❡ ✉t✐❧✐s❛✐t ❞❡s ❛♠♦r❝❡s ❞és✐❣♥é❡s s♣é❝✐✜q✉❡♠❡♥t ♣♦✉r ❝❡s ré❣✐♦♥s✳ ■❧ ❛ ❛✉ss✐ été
❞é♠♦♥tré q✉❡ ❉◆▼❚✸❇ ♥✬ét❛✐t ♣❛s ♥é❝❡ss❛✐r❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s
♠â❧❡s ✭❑❛♥❡❞❛ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❡ rô❧❡ ❡t ❧✬❛❝t✐✈✐té ❞❡ ❉◆▼❚✸❇ ❡t ❉◆▼❚✸❆ r❡st❡♥t ❞♦♥❝
à ❞é✜♥✐r ♣ré❝✐sé♠❡♥t ✈✐❛ ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❝♦♠♣❧❡t ❛♣rès tr❛✐t❡♠❡♥t
❛✉ ❜✐s✉❧✜t❡ ✭❲●❇❙✮✳
❆❧♦rs q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❉♥♠t✸❝ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❡st très s♣é❝✐✜q✉❡✱
s❛ séq✉❡♥❝❡ ♣r♦✈✐❡♥t ❞✬✉♥❡ ❞✉♣❧✐❝❛t✐♦♥ ❡♥ t❛♥❞❡♠ ❞❡ ❉♥♠t✸❜ q✉✐ ♥✬❡st ♣❛s ♥é❝❡ss❛✐r❡
❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ❧✐❣♥é❡ ❣❡r♠✐♥❛❧❡✳ ❉❡ ♣❧✉s✱ ❉♥♠t✸❝ ❡st ❛♣♣❛r✉ s♣é❝✐✜q✉❡♠❡♥t
❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡s ▼✉r♦✐❞❡❛✱ s✉♣❡r✲❢❛♠✐❧❧❡ ❞❡s ♠❛♠♠✐❢èr❡s✱ ✐❧ ② ❛ ✹✻ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳
❉♥♠t✸❝ ❡st ❞♦♥❝ ❛❜s❡♥t❡ ❝❤❡③ ❧✬❤♦♠♠❡✳ ❈♦♠♠❡♥t s♦♥t ♠ét❤②❧és ❧❡s é❧é♠❡♥ts ❝♦♠♣❧❡ts
❡t ❥❡✉♥❡s ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❣❡r♠✐♥❛❧❡s ♠â❧❡s ❤✉♠❛✐♥❡s❄ ◗✉❡❧❧❡ ❡♥③②♠❡ r❡♠♣❧✐t ❝❡ rô❧❡❄
✶✻✽
❉◆▼❚✸❈ ❡t ❉◆▼❚✸❇ s♦♥t ✐❞❡♥t✐q✉❡s à ✼✵✪ ❛✉ ♥✐✈❡❛✉ ♣r♦té✐q✉❡✱ ❡t ❞✐✛èr❡♥t ♣r✐♥❝✐✲
♣❛❧❡♠❡♥t ♣❛r ❧❛ ♣❡rt❡ ❞✉ ❞♦♠❛✐♥❡ P❲❲P✱ ❞♦♠❛✐♥❡ ❞❡ ❧✐❛✐s♦♥ à ❧❛ ♠❛rq✉❡ ❍✸❑✸✻♠❡✸
✭❇❛✉❜❡❝ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❝❤❡③ ❉◆▼❚✸❈✳ ❖r✱ ❧❡ ❞♦♠❛✐♥❡ P❲❲P ❡st ❡♥t✐èr❡♠❡♥t ❝♦❞é ❝❤❡③
❉◆▼❚✸❇ ❞❛♥s ❞❡✉① ❡①♦♥s q✉✐ s♦♥t ♠✉❧t✐♣❧❡s ❞❡ ✸✳ ❯♥ tr❛♥s❝r✐t ❛❧t❡r♥❛t✐❢ ❞❡ ❉♥♠t✸❜
❡①❝❧✉❛♥t ❝❡s ❞❡✉① ❡①♦♥s ♣♦✉rr❛✐t ❢♦✉r♥✐r ✉♥❡ s♦rt❡ ❞❡ tr❛♥s❝r✐t ✓ ❉♥♠t✸❝✲❧✐❦❡ ✔ ❝❤❡③
❧✬❤♦♠♠❡ ❡t ♣♦✉rr❛✐t ♠ét❤②❧❡r ❞❡ ❢❛ç♦♥ s♣é❝✐✜q✉❡ ❧❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❧♦rs ❞❡ ❧❛
s♣❡r♠❛t♦❣❡♥ès❡ ❢♦❡t❛❧❡✳ ▲✬❛ss❡♠❜❧❛❣❡ ❞❡ ❞♦♥♥é❡s tr❛♥s❝r✐♣t♦♠✐q✉❡s ✐ss✉❡s ❞❡ ❝❡❧❧✉❧❡s
❣❡r♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s ❤✉♠❛✐♥❡s ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞❡ r❡♠ét❤②❧❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ♣♦✉rr❛✐t
♣❡r♠❡ttr❡ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥ t❡❧ tr❛♥s❝r✐t✳ ■❧ s✬❛❣✐t ❛✉ss✐ ❞✬✉♥ ♣r♦❥❡t ❡♥ ❝♦✉rs
❞❛♥s ❧❡ ❧❛❜♦r❛t♦✐r❡✱ ♠❡♥é ❡♥ ♣❛r❛❧❧è❧❡ s✉r ❧❡ ♠♦❞è❧❡ ❧❛♣✐♥✱ ✉♥ ❛✉tr❡ ♠❛♠♠✐❢èr❡ ❞♦♥t ❧❡
❣é♥♦♠❡ ❡st ❞é♣♦✉r✈✉ ❞❡ ❧❛ ❞✉♣❧✐❝❛t✐♦♥ ❞❡ ❉♥♠t✸❝✳
❆♥❛❧②s❡ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✿ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s
❞✐✣❝✉❧tés✱ ❜♦♥♥❡s ♣r❛t✐q✉❡s ❡t ❧✐♠✐t❡s
❉❛♥s ✉♥ ♣r♦t♦❝♦❧❡ ❞✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡✱ ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
s♦♥t t♦✉t ❞✬❛❜♦r❞ ❛❧✐❣♥é❡s s✉r ❞❡s séq✉❡♥❝❡s ❣é♥♦♠✐q✉❡s ✭✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ♣♦✉r
❧❛ ♣❧✉♣❛rt ❞❡s ❛♥❛❧②s❡s✮✳ ▲❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ✭❊❚✮ s♦♥t ❡♥s✉✐t❡ q✉❛♥t✐✜és ❡t
❧❡✉rs ✈❛❧❡✉rs ❞❡ r❡♣rés❡♥t❛t✐♦♥ ✭❡①♣r❡ss✐♦♥✱ ❡♥r✐❝❤✐ss❡♠❡♥t ♣♦✉r ✉♥❡ ♠❛rq✉❡ ❞✬❤✐st♦♥❡✱
♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ❡t❝✮ s♦♥t ❝♦♠♣❛ré❡s ❡♥tr❡ ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❜✐♦❧♦❣✐q✉❡s✳
▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ❞❛♥s ❧✬❛♥❛❧②s❡ ❞❡s ❊❚ ✈✐❛ ❞❡s ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ✈✐❡♥t ❞❡ ❧❛
♥❛t✉r❡ ré♣été❡ ❞❡ ❝❡s séq✉❡♥❝❡s✳ ❉❡ ♣❛r ❧❛ ré♣ét✐t✐♦♥ ❞❡s ❊❚✱ ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
♣❡✉✈❡♥t ❛✈♦✐r ❞❡ ♠✉❧t✐♣❧❡s ✓ ♠❡✐❧❧❡✉rs ❛❧✐❣♥❡♠❡♥ts ✔ ✈❛❧✐❞❡s✳ ❉✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞❡
❧✬❛❧✐❣♥❡♠❡♥t ❞♦✐✈❡♥t êtr❡ s♣é❝✐✜q✉❡♠❡♥t ❞ét❡r♠✐♥és ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❊❚✳ ▲❡s ♠ét❤✲
♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞♦✐✈❡♥t ❡♥s✉✐t❡ êtr❡ ❛❞❛♣té❡s ❛✉① ♣❛r❛♠ètr❡s ✉t✐❧✐sés ❧♦rs ❞❡
❧✬❛❧✐❣♥❡♠❡♥t✳
❆✜♥ ❞❡ ❝♦♠♣❛r❡r ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t ❡t ❧❛ q✉❛♥t✐✜❝❛t✐♦♥
❞❡s ❊❚✱ ❥✬❛✐ s✐♠✉❧é ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✉r ❧❡s ❣é♥♦♠❡s ❤✉♠❛✐♥ ❡t ♠✉r✐♥✳ ▲❛
str❛té❣✐❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♠✬❛ ♣❡r♠✐s ❞❡ ❝❛❧❝✉❧❡r ❧❛ s♣é❝✐✜❝✐té ❡t ❧❛ s❡♥s✐❜✐❧✲
✐té ❞❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❝♦♠♣❛ré❡s✱ ❡t ❛✐♥s✐ ❞✬ét❛❜❧✐r ❞❡s r❡❝♦♠♠❛♥❞❛t✐♦♥s ❡t ✉♥
❣✉✐❞❡ ❞❡ ❜♦♥♥❡s ♣r❛t✐q✉❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡ ❞♦♥♥é❡s ❞❡ séq✉❡♥ç❛❣❡ ❡t ❞❡s é❧é♠❡♥ts
tr❛♥s♣♦s❛❜❧❡s ✭✈♦✐r P❛rt✐❡ ✹✳✷✮✳
✶✻✾
▲✐❜r❛✐r✐❡ ❞❡ séq✉❡♥ç❛❣❡
▲♦rs ❞❡ ❧❛ ♣ré♣❛r❛t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❡t ❞✉ séq✉❡♥ç❛❣❡✱ tr♦✐s ♣♦✐♥ts ♣❡✉✈❡♥t êtr❡
♣r✐s ❡♥ ❝♦♠♣t❡ ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧✬✐♥❢♦r♠❛t✐♦♥ ❜✐♦❧♦❣✐q✉❡ ❡①tr❛✐t❡✿ ❧❛ ❧♦♥❣✉❡✉r ❞❡s ❧❡❝✲
t✉r❡s✱ ❧❡ t②♣❡ ❞❡ ❧✐❜r❛✐r✐❡✱ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡s ❢r❛❣♠❡♥ts✳
▲❡s ♣r❡♠✐❡rs séq✉❡♥❝❡✉rs ■❧❧✉♠✐♥❛ ❢♦✉r♥✐ss❛✐❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❞❡ ✸✻
❜♣✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧❡s ❞❡r♥✐èr❡s ♠❛❝❤✐♥❡s ♣❡✉✈❡♥t séq✉❡♥❝❡r ❞❡s ❧❡❝t✉r❡s ❞❡ ✶✺✵ ❜♣ ❡t
❥✉sq✉✬à ✷✺✵ ❜♣ ♣♦✉r ❧❡ s②stè♠❡ ■❧❧✉♠✐♥❛ ❍✐❙❡q ✷✺✵✵ ❡♥ ♠♦❞❡ r❛♣✐❞❡✳ ❉❡s ❧❡❝t✉r❡s ♣❧✉s
❧♦♥❣✉❡s ♣❡r♠❡tt❡♥t ❞✬❛✉❣♠❡♥t❡r ❧❡ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❛❧✐❣♥é❡s ❞❡ ❢❛ç♦♥ ✉♥✐q✉❡ s✉r ❧❡
❣é♥♦♠❡ ✭❈❤❤❛♥❣❛✇❛❧❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❏✬❛✐ ♣✉ ❞é♠♦♥tr❡r q✉✬✉t✐❧✐s❡r ❞❡s ❞♦♥♥é❡s ♣❛✐r❡❞✲
❡♥❞✱ ❧❡❝t✉r❡s ❞❡ ✶✵✵ ❜♣✱ ♣❡r♠❡t ❞✬❛✈♦✐r ✻✪ ❡♥ ♣❧✉s ❞❡ ❢r❛❣♠❡♥ts ✉♥✐q✉❡s ♣❛r r❛♣♣♦rt à
❞❡s ❞♦♥♥é❡s s✐♥❣❧❡✲❡♥❞ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❊❚ ❞✉ ❣é♥♦♠❡ ♠✉r✐♥✳ ❈❡rt❛✐♥❡s ❢❛♠✐❧❧❡s ❞❡
❊❚✱ ❧❡s ▲✶P❆✸ ❡t ▲✶P❆✷ ✭♣♦✉r ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✮ ❡t ❧❡s ▲✶▼❞●❢❴■■✱ ▲✶▼❞❆❴■■■ ❡t
▲✶▼❞❋❴■ ✭♣♦✉r ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✮✱ ♦♥t ♠ê♠❡ ✉♥ ❣❛✐♥ ❞❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛❧✐❣♥❡♠❡♥t
✉♥✐q✉❡ ❞❡ ✸✵✪✳ ▲✬♦❜t❡♥t✐♦♥ ❞❡ ❢r❛❣♠❡♥ts ♣❧✉s ❧♦♥❣s ♣❡r♠❡t ❛✉ss✐ ❞❡ ❝❛♣t✉r❡r ❞❡s
séq✉❡♥❝❡s q✉✐ ❝❤❡✈❛✉❝❤❡♥t ❞❡s ré❣✐♦♥s ✉♥✐q✉❡s ❞✉ ❣é♥♦♠❡ ♦✉ ❞❡s ♣♦❧②♠♦r♣❤✐s♠❡s ❡♥tr❡
❝♦♣✐❡s q✉✐ ♣❡r♠❡tt❡♥t ❞✬❛❧✐❣♥❡r ❧❡ ❢r❛❣♠❡♥t ❞❡ ❢❛ç♦♥ ✉♥✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ str❛té❣✐❡
❛ s❡s ❧✐♠✐t❡s✳ P♦✉r ❞✉ ❘◆❆✲s❡q✱ ❧❡ tr❛♥s❝r✐t ♣r♦✈✐❡♥t ❣é♥ér❛❧❡♠❡♥t ✉♥✐q✉❡♠❡♥t ❞✉ ❊❚
❡t ♥❡ ❣é♥èr❡ ❞♦♥❝ ♣❛s ❞❡ séq✉❡♥❝❡ ✢❛♥q✉❛♥t❡ ✉♥✐q✉❡✱ ❡①❝❡♣té ♣♦✉r ❧❡s é❧é♠❡♥ts ▲✶ q✉✐
♣❡✉✈❡♥t ♣r♦❞✉✐r❡ ❞❡s tr❛♥s❝r✐ts ✐♥❝❧✉❛♥t ❧❡s ré❣✐♦♥s ✢❛♥q✉❛♥t❡s✳ P♦✉r ❞✉ ❈❤■P✲s❡q✱
❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ♥❡ ♣❡r♠❡t ♣❛s ❞✬❛✈♦✐r ❞❡ tr♦♣ ❧♦♥❣s ❢r❛❣♠❡♥ts✳ ❉❡
♣❧✉s✱ ❧❡s r❡❝♦♠♠❛♥❞❛t✐♦♥s ♣♦✉r ❧❡s séq✉❡♥❝❡✉rs ■❧❧✉♠✐♥❛ s♦♥t ❞❡ ❢♦✉r♥✐r ❞❡s ❢r❛❣♠❡♥ts
❛✉ ♣❧✉s ❞❡ ✻✵✵ ❜♣ ❛✜♥ q✉❡ ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ♣❛r ♣♦♥t ❞❡s ❢r❛❣♠❡♥ts ❞✬❆❉◆ s♦✐t ❡✣❝❛❝❡✳
❉❡s ❢r❛❣♠❡♥ts ❞❡ ✻✵✵ ❜♣ ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ❝♦✉✈r✐r ✉♥ ❊❚ ❝♦♠♣❧❡t ❝♦♠♠❡ ❧❡s
é❧é♠❡♥ts ▲■◆❊ ♦✉ à ▲❚❘ q✉✐ ♠❡s✉r❡♥t ♣❧✉s ✺ ❦❜✳
❊♥ r❡✈❛♥❝❤❡✱ ❧❛ t❡❝❤♥♦❧♦❣✐❡ P❛❝❇✐♦ ❞❡ P❛❝✐✜❝ ❇✐♦s❝✐❡♥❝❡s ❣é♥èr❡ ❞❡s ❧❡❝t✉r❡s ❞❡ ♣❧✉s
❞❡ ✶✵ ❦❜ ✭❘❤♦❛❞s ❛♥❞ ❆✉✱ ✷✵✶✺✮✳ ❉❡ ♣❧✉s✱ P❛❝✐✜❝ ❇✐♦s❝✐❡♥❝❡s ❛ ❞é✈❡❧♦♣♣é ✉♥❡ ♠ét❤♦❞❡
♣♦✉r ❝❛r❛❝tér✐s❡r ❧❡ tr❛♥s❝r✐♣t♦♠❡ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐s♦❢♦r♠❡s ✭P❛✲
❝✐✜❝ ❛♥❞ ❇✐♦s❝✐❡♥❝❡s✮✳ ❊♥ ❡✛❡t✱ ❧❛ ♠ét❤♦❞❡ ■s♦✲s❡q ♣❡r♠❡t ❞❡ ❝❛♣t✉r❡r ❝❤❛q✉❡ ♠♦❧é❝✉❧❡
❞✬❆❘◆ ❡t ❞❡ ❧❛ séq✉❡♥❝❡r ❡♥t✐èr❡♠❡♥t ❛✈❡❝ ✉♥❡ s❡✉❧❡ ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✳ ▲❡s tr❛♥✲
s❝r✐ts ❞❡ ✵ à ✶✵ ❦❜ ♣❡✉✈❡♥t êtr❡ ❝❛♣t✉rés ❡t séq✉❡♥❝és✳ ❊♥ ❝♦✉✈r❛♥t t♦✉t ❧❡ tr❛♥s❝r✐t ❡t
❡♥ ❛✉❣♠❡♥t❛♥t ❛✐♥s✐ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❧✐❡r ✉♥ ♣♦❧②♠♦r♣❤✐s♠❡ ❞❡ séq✉❡♥❝❡ à ✉♥ é❧é♠❡♥t
♣❛rt✐❝✉❧✐❡r✱ ❝❡tt❡ t❡❝❤♥♦❧♦❣✐❡ ♣♦✉rr❛✐t ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧✬✐❞❡♥t✐té ❞❡s é❧é♠❡♥ts tr❛♥s✲
♣♦s❛❜❧❡s ❛❝t✐❢s ❡♥ séq✉❡♥ç❛♥t ❧❡ tr❛♥s❝r✐t ❝♦♠♣❧❡t✳ ▲❡s ❊❚ s❡r❛✐❡♥t ❛❧♦rs ♣❧✉s ❢❛❝✐❧❡♠❡♥t
✶✼✵
✐❞❡♥t✐✜❛❜❧❡s ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❞❡ ✶✺✵ ❜♣✳ P❛❝✐✜❝
❇✐♦s❝✐❡♥❝❡s ♣❡✉t ❛✉ss✐ ❞ét❡❝t❡r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♥✉❝❧é♦t✐❞❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❆❉◆
❡t ❞❡ ❧✬❆❘◆ ✭❋❧✉s❜❡r❣ ❡t ❛❧✳✱ ✷✵✶✵✮✱ s❛♥s tr❛✐t❡♠❡♥t ♣ré❛❧❛❜❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ✭♣❛s ❞❡
tr❛✐t❡♠❡♥t ❜✐s✉❧✜t❡✮✳ ▲❡s ♥✉❝❧é♦t✐❞❡s ♠♦❞✐✜és s♦♥t ❞ét❡❝tés ♣❛r ❧❛ ♠❡s✉r❡ ❞❡s ✈❛r✐❛t✐♦♥s
❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡s ❜❛s❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ t❡❝❤♥♦❧♦❣✐❡ P❛❝❇✐♦ ❛ ❞❡s ❧✐♠✲
✐t❡s ❞✬❛✉ ♠♦✐♥s tr♦✐s ♦r❞r❡s✿ ✶✮ s♦♥ t❛✉① ❞✬❡rr❡✉r ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✸✪✳ ■❧ ❞♦✐t ❡♥❝♦r❡
êtr❡ ❛♠é❧✐♦ré ❞❛♥s ❧❡ ❝❛s ❞✬ét✉❞❡s ❞❡s ❊❚ ♦ù ✉♥❡ ❡rr❡✉r ❞❡ séq✉❡♥ç❛❣❡ ♣❡✉t ✐♥❞✉✐r❡
❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥ é❧é♠❡♥t q✉✐ ♥✬❡st ♣❛s ❝❡❧✉✐ ✐♥✐t✐❛❧❡♠❡♥t séq✉❡♥❝é✱ ✷✮ ❧❛ q✉❛♥t✐té ❞❡
❞♦♥♥é❡s ❣é♥éré❡s ♣❛r t♦✉r ❞❡ séq✉❡♥ç❛❣❡ ❡st ❡♥❝♦r❡ ❧✐♠✐té❡✱ ❡❧❧❡ s❡ s✐t✉❡ ❡♥tr❡ ✵✳✺ ❡t ✶
♠✐❧❧✐❛r❞ ❞❡ ❜❛s❡s✱ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉ ❞❡r♥✐❡r s②stè♠❡ ■❧❧✉♠✐♥❛✱ ❧❡ ◆♦✈❛❙❡q ✻✵✵✵✱ q✉✐
♣r♦❞✉✐t ❥✉sq✉✬à ✻✵✵✵ ♠✐❧❧✐❛r❞s ❞❡ ❜❛s❡s ♣❛r t♦✉r ❞❡ séq✉❡♥ç❛❣❡✱ ❡t ✸✮ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s
❝♦♠♠❡ ❧❡ ❈❤■P✲s❡q ♦✉ ❧✬❆❚❆❈✲s❡q ♥é❝❡ss✐t❡♥t ✉♥❡ ét❛♣❡ ❞❡ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝❤r♦✲
♠❛t✐♥❡ q✉✐ ✐♥❞✉✐t ❞♦♥❝ ❞❡s ❢r❛❣♠❡♥ts ♣❧✉s ❝♦✉rts q✉✐ ♥❡ ♣❡✉✈❡♥t êtr❡ séq✉❡♥❝és ♣❛r ❧❛
t❡❝❤♥♦❧♦❣✐❡ P❛❝❇✐♦✳ ▲❡s é❝❤❛♥t✐❧❧♦♥s ✐ss✉s ❞❡ ❝❡s ❛♣♣❧✐❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❞♦✐✈❡♥t ❞♦♥❝
êtr❡ séq✉❡♥❝és ♣❛r ❞❡s t❡❝❤♥♦❧♦❣✐❡s ■❧❧✉♠✐♥❛ ❛✈❡❝ ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❝♦✉rt❡s✳
❆❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡
❉❡♣✉✐s ❧✬❛✈è♥❡♠❡♥t ❞❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ séq✉❡♥ç❛❣❡✱ ✉♥ ❡♥s❡♠❜❧❡ ❞✬❛❧❣♦r✐t❤♠❡s ❛
été ❞é✈❡❧♦♣♣é ❛✜♥ ❞✬❛❧✐❣♥❡r ❞❡s ♠✐❧❧✐♦♥s ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✉r ✉♥ ❣é♥♦♠❡ ❞❡
ré❢ér❡♥❝❡ ✭❋♦♥s❡❝❛ ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❤tt♣s✿✴✴✇✇✇✳❡❜✐✳❛❝✳✉❦✴⑦♥❢✴❤ts❴♠❛♣♣❡rs✴✮✳ ▲❡s
❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✐♠✉❧é❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❊❚ ❞❡s ❣é♥♦♠❡s ♠✉r✐♥ ❡t ❤✉♠❛✐♥
♠✬♦♥t ♣❡r♠✐s ❞❡ ❝❛❧❝✉❧❡r ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛❧✐❣♥❡♠❡♥t ❡t ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ✈r❛✐ ♣♦s✐✲
t✐❢ ✭♣♦s✐t✐♦♥ s✐♠✉❧é❡ ❂ ♣♦s✐t✐♦♥ r❡♣♦rté❡✮ ♣♦✉r ❧❡s ❛❧❣♦r✐t❤♠❡s ❞✬❛❧✐❣♥❡♠❡♥t ❧❡s ♣❧✉s
✉t✐❧✐sés✳ ■❧ s✬❡st ❛✈éré q✉❡ ❙❚❆❘ ✭❉♦❜✐♥ ❡t ❛❧✳✱ ✷✵✶✸✮ ❛❧❧✐❡ ❧❡ ♠❡✐❧❧❡✉r ♣♦✉r❝❡♥t❛❣❡
❞❡ ✈r❛✐ ♣♦s✐t✐❢ t♦✉t ❡♥ ❛❧✐❣♥❛♥t ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✳ ❉❡
♣❧✉s✱ ✉♥ ❞❡ s❡s ❛✈❛♥t❛❣❡s ❡st s❛ r❛♣✐❞✐té ❞✬❡①é❝✉t✐♦♥✳ ❆✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡ tr❛♥s❝r✐♣✲
t♦♠✐q✉❡ ❣é♥✐q✉❡✱ ✐❧ ♣❡✉t ❞❡ ♣❧✉s ✐❞❡♥t✐✜❡r ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✉♣♣♦rt❛♥t ✉♥
é✈è♥❡♠❡♥t ❞✬é♣✐ss❛❣❡✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❣è♥❡s ❡t ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ♣❡✉t
❞♦♥❝ êtr❡ s✐♠✉❧t❛♥é♠❡♥t q✉❛♥t✐✜é❡ ❛✈❡❝ ❧❡ ✜❝❤✐❡r rés✉❧t❛♥t ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❛✈❡❝ ❙❚❆❘✳
❱✐❛ ❧❡ ♣❛r❛♠ètr❡ −−❛❧✐❣♥■♥tr♦♥▼❛① ✶ ✭t❛✐❧❧❡ ♠❛①✐♠❛❧❡ ❞✬✐♥tr♦♥ ❂ ✶ ❜♣✮✱ ❧❛ r❡❝❤❡r❝❤❡
❞✬é✈è♥❡♠❡♥ts ❞✬é♣✐ss❛❣❡ ♣❡✉t êtr❡ ❜❧♦q✉é❡ ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❝♦♠♠❡ ❧❡
❈❤■P✲s❡q ♦✉ ❧✬❆❚❆❈✲s❡q ♦ù ✐❧ ♥✬② ❛ ♣❛s ❞✬é♣✐ss❛❣❡✳ ❙❚❆❘ ♣❡✉t ❞♦♥❝ êtr❡ ❛✉ss✐ ✉t✐❧✐sé
♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s s❛♥s ❡t ❛✈❡❝ é♣✐ss❛❣❡✳
✶✼✶
❉❡s ❛❧❣♦r✐t❤♠❡s ❞é❞✐és ❛✉① ❞♦♥♥é❡s ❲●❇❙ ♦♥t été ❞é✈❡❧♦♣♣és ❛✜♥ ❞❡ ré♣♦♥❞r❡
❛✉① s♣é❝✐✜❝✐tés ❧✐é❡s à ❝❡ ❣❡♥r❡ ❞❡ ❞♦♥♥é❡s ✭❇♦❝❦✱ ✷✵✶✷✮✳ ❚s✉❥✐ ❛♥❞ ❲❡♥❣ ♦♥t ❝♦♠♣❛ré
❞✐✛ér❡♥ts ❛❧❣♦r✐t❤♠❡s ❞✬❛❧✐❣♥❡♠❡♥t ♣♦✉r ❧❡s ❞♦♥♥é❡s ❲●❇❙ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❞♦♥♥é❡s
s✐♠✉❧é❡s ♣❛✐r❡❞✲❡♥❞ ❡t s✐♥❣❧❡✲❡♥❞ ❛♣rès tr❛✐t❡♠❡♥t ❛✉ ❜✐s✉❧✜t❡ s✉r ❧❡ ❝❤r♦♠♦s♦♠❡ ✷✶ ❞✉
❣é♥♦♠❡ ❤✉♠❛✐♥✳ ❊♥ ❝♦♠♣❧é♠❡♥t ❞❡s ♣❡r❢♦r♠❛♥❝❡s s✉r ❧❡ ❣é♥♦♠❡ ❝♦♠♣❧❡t✱ ✐❧s ♦♥t ❝♦♠✲
♣❛ré ❧✬❡✣❝❛❝✐té ❞❡s ❛❧❣♦r✐t❤♠❡s ❞✬❛❧✐❣♥❡♠❡♥t ❡t ❧✬❡st✐♠❛t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥
❛✉ ♥✐✈❡❛✉ ❞❡s séq✉❡♥❝❡s ré♣été❡s ❡♥ s❡ ❝♦♥❝❡♥tr❛♥t s✉r ❧❡s ❊❚ ❆❧✉❨ ❡t ❧❡s ▲✶P ✭✈♦✐r
P❛rt✐❡ ✶✳✶✳✹✮ q✉✐ s♦♥t ❧❡s ♣❧✉s ❥❡✉♥❡s ❡t ❞♦♥❝ ❧❡s ♠♦✐♥s ❞✐✈❡r❣❡♥ts✳ ❉✬❛♣rès ❧❡✉r ét✉❞❡✱ ❧❡s
❞♦♥♥é❡s ♣❛✐r❡❞✲❡♥❞ ❛✉❣♠❡♥t❡♥t ❧✬❡✣❝❛❝✐té ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❞❛♥s ❧❡s ré❣✐♦♥s ré♣été❡s✳ ▲❛
s❡♥s✐❜✐❧✐té ✭♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❝♦rr❡❝t❡♠❡♥t ❛❧✐❣♥é❡s ♣❛r r❛♣♣♦rt ❛✉ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s
s✐♠✉❧é❡s✮ ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t ❛✐♥s✐ ❡st ❛♠é❧✐♦ré❡ ❞❡ ✶✸✱✷✽✪✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♣❛✐r❡❞✲
❡♥❞ ✐♥❞✉✐t ❛✉ss✐ ✉♥❡ ♠❡✐❧❧❡✉r❡ ❡st✐♠❛t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡ ♠ét❤②❧❛t✐♦♥ ✈✐❛ ✉♥❡ ♠❡✐❧❧❡✉r❡
❝♦✉✈❡rt✉r❡ ❞❡s ❝②t♦s✐♥❡s✳ ❈♦♥❝❡r♥❛♥t ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❡t ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡
❧❛ ♠ét❤②❧❛t✐♦♥✱ ❧❡s ♦✉t✐❧s ❇✐s♠❛r❦ ✭❑r✉❡❣❡r ❛♥❞ ❆♥❞r❡✇s✱ ✷✵✶✶✮ ❡t ▲❆❙❚ ✭❋r✐t❤ ❡t ❛❧✳✱
✷✵✶✷✮ ❝♦♠❜✐♥és à ✉♥ ✜❧tr❛❣❡ ❡♥ ❛♠♦♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ❛✈❡❝ ▼♦tt ✭❊✇✐♥❣
❛♥❞ ●r❡❡♥✱ ✶✾✾✽✮ s♦♥t r❡❝♦♠♠❛♥❞és✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❡❝t✉r❡s ❞✐t❡s ♠✉❧t✐♣❧❡s✱ ❇✐s♠❛r❦
♥❡ r❡♣♦rt❡ q✉❡ ❧❡s ❛❧✐❣♥❡♠❡♥ts ✉♥✐q✉❡s✳ ❆✉ ✈✉ ❞❡s ❞✐✣❝✉❧tés r❡♥❝♦♥tré❡s ❛✈❡❝ ❧✬❛♥❛❧②s❡
❞❡s ❊❚ ❡t ❞❡s ❞♦♥♥é❡s ❲●❇❙ q✉✐ ♥❡ ❝♦♥t✐❡♥♥❡♥t q✉❡ tr♦✐s ♥✉❝❧é♦t✐❞❡s ✭❧❛ ❝②t♦s✐♥❡ ❡st
❝♦♥✈❡rt✐❡ ❡♥ t❤②♠✐♥❡✮✱ ✐❧ s❡♠❜❧❡ très r❛✐s♦♥♥❛❜❧❡ ❞❡ ♥❡ r❡♣♦rt❡r q✉❡ ❧❡s ❛❧✐❣♥❡♠❡♥ts
✉♥✐q✉❡s ♣♦✉r ❝❡ t②♣❡ ❞❡ ❞♦♥♥é❡s✳
◗✉❛♥t✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❙✉✐t❡ à ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡✱ ❧❡s ❊❚ s♦♥t q✉❛♥t✐✜és ♣✉✐s ❝♦♠♣❛rés
❡♥tr❡ ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❜✐♦❧♦❣✐q✉❡s✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡st
✉t✐❧✐sé ❧♦rs ❞❡ ❧✬ét❛♣❡ ❞✬❛❧✐❣♥❡♠❡♥t✱ ❧✬❛♥♥♦t❛t✐♦♥ ❞❡s ❊❚ ✐ss✉❡ ❞❡ ❘❡♣❡❛t▼❛s❦❡r ❡st
✉t✐❧✐sé❡✳ ❈❡tt❡ ❛♥♥♦t❛t✐♦♥ ❡st ❛❧♦rs ❥✉❣é❡ ❝♦♠♠❡ ét❛♥t ❧❡ r❡✢❡t ❞❡ t♦✉t❡s ❧❡s ✐♥s❡rt✐♦♥s
❞✬❊❚ ♣rés❡♥t❡s ❞❛♥s ✉♥ ❣é♥♦♠❡✳ ❚♦✉t❡s ❧❡s ❝♦♥❝❧✉s✐♦♥s ❜✐♦❧♦❣✐q✉❡s q✉✐ ❞é❝♦✉❧❡r♦♥t ❞❡s
❞✐✛ér❡♥t❡s ❛♥❛❧②s❡s ❞é♣❡♥❞r♦♥t ❛❧♦rs ❢♦rt❡♠❡♥t ❞❡ ❧❛ q✉❛❧✐té ❞❡ ❧✬❛♥♥♦t❛t✐♦♥ ❞❡s ❊❚✳ ❉❡
♣❛r ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞❡s ❊❚ ❞❛♥s ❧❡ ❣é♥♦♠❡✱ ❧❡s ♣♦❧②♠♦r♣❤✐s♠❡s ❞✉s ❛✉① ♠✉t❛t✐♦♥s ❡t ❧❛
♣rés❡♥❝❡ ❞✬❊❚ très ❛♥❝✐❡♥s✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥✱ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❡t ❧✬❛♥♥♦t❛t✐♦♥ ❞❡s ❊❚ ❞❛♥s
✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ s♦♥t ❞❡s tâ❝❤❡s ❞✐✣❝✐❧❡s ✭❆r❦❤✐♣♦✈❛✱ ✷✵✶✼✮✳ ❘é❝❡♠♠❡♥t✱ ✉♥
❛♣♣❡❧ ❞❡ ♣❧✉s✐❡✉rs ❝❤❡r❝❤❡✉rs ❛ été ❧❛♥❝é ❛✜♥ ❞✬❡✛❡❝t✉❡r ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞✐✛ér❡♥t❡s
♠ét❤♦❞❡s ❞✬❛♥♥♦t❛t✐♦♥ ❞❡s ❊❚ ✭❍♦❡♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♣ré❝✐s❡r q✉❡
✶✼✷
t♦✉t❡s ❧❡s ❝♦♣✐❡s ✐♥séré❡s ❞❛♥s ✉♥ ❣é♥♦♠❡ ♥❡ s❡r♦♥t très ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ❛♥❛❧②sé❡s ❞❡
♣❛r ❧❡✉r ❛❜s❡♥❝❡ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ♦✉ ❞❛♥s ❧✬❛♥♥♦t❛t✐♦♥ ❞❡s ❊❚✳
❱✐❛ ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s✐♠✉❧é❡s s✉r ❧❡s ❣é♥♦♠❡s ❤✉♠❛✐♥ ❡t ♠✉r✐♥✱ ❥✬❛✐ ♣✉
❝♦♠♣❛r❡r ❧❡s ✈❛❧❡✉rs ❞❡ r❡♣rés❡♥t❛t✐♦♥ s✐♠✉❧é❡s à ❝❡❧❧❡s ❡st✐♠é❡s ♣❛r ❞✐✛ér❡♥t❡s ♠ét❤✲
♦❞❡s ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❊❚✳ ▲❡s ♠❡✐❧❧❡✉r❡s ❡st✐♠❛t✐♦♥s ♦♥t été ♦❜t❡♥✉❡s ❛✈❡❝ ✉♥
❛❧✐❣♥❡♠❡♥t s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❛✈❡❝ ❧✬♦✉t✐❧ ❙❚❆❘✱ ❡♥ r❡♣♦rt❛♥t ✉♥ ❛❧✐❣♥❡♠❡♥t
❛❧é❛t♦✐r❡ ♦✉ ❡♥ r❡♣♦rt❛♥t t♦✉s ❧❡s ♠❡✐❧❧❡✉rs ❛❧✐❣♥❡♠❡♥ts s✉✐✈✐ ❞❡ ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❛✈❡❝
❋❡❛t✉r❡❈♦✉♥ts ✭▲✐❛♦ ❡t ❛❧✳✱ ✷✵✶✹✮✳ P❛r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❡❝t✉r❡s ♥❡ ♣r♦✈❡♥❛♥t ♣❛s ❞❡s
❊❚✱ ❥✬❛✐ tr♦✉✈é q✉❡ ❧❛ ♠ét❤♦❞❡ ❚❊t♦♦❧s ✭▲❡r❛t ❡t ❛❧✳✱ ✷✵✶✻✮ ❜✐❛✐s❡ ❧✬❛♥❛❧②s❡ ❞❡s ❊❚ ❡♥
s✉r✲❡st✐♠❛♥t ❧❡✉r r❡♣rés❡♥t❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ ♠ét❤♦❞❡ ♥✬✉t✐❧✐s❡ q✉❡ ❧❡s séq✉❡♥❝❡s ❞❡s
❊❚ ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t✳ ▲❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ ♥❡ ♣r♦✈❡♥❛♥t ♣❛s ❞❡s ❊❚ s♦♥t ❛❧♦rs
❛❧✐❣♥é❡s s✉r ❝❡s séq✉❡♥❝❡s✳ ▲❛ ♠ét❤♦❞❡ ❚❊t♦♦❧s ♣❡✉t êtr❡ ❝♦♠♣❛ré❡ à ❧❛ str❛té❣✐❡ q✉✐
✉t✐❧✐s❡ ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❞❡r♥✐èr❡ str❛té❣✐❡
❡st ❡♥❝♦r❡ ♣❧✉s ❝♦♠♣❧❡①❡ à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❝❛r ✐❧ ❢❛✉t ♣❡r♠❡ttr❡ ♣❧✉s ❞✬❡rr❡✉rs ❡♥tr❡
❧❡s ❧❡❝t✉r❡s ❡t ❧❡s séq✉❡♥❝❡s ❧♦rs ❞❡ ❧✬❛❧✐❣♥❡♠❡♥t✳ ❊♥✜♥✱ ❧✬❛❧✐❣♥❡♠❡♥t s✉r ❞❡s séq✉❡♥❝❡s
❝♦♥s❡♥s✉s ♥❡ ♣❡r♠❡t ♣❛s ❞❡ q✉❛♥t✐✜❡r ❝❤❛q✉❡ ❝♦♣✐❡ ✐♥séré❡ ❞❛♥s ❧❡ ❣é♥♦♠❡✳ ■❧ ❢❛✉t
❝❡♣❡♥❞❛♥t ♥✉❛♥❝❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❚❊t♦♦❧s q✉✐ r❡st❡ ✉♥❡ ❡①❝❡❧❧❡♥t❡ ❛❧t❡r♥❛✲
t✐✈❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❛✉❝✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❡t✴♦✉ ❛✉❝✉♥❡ ❛♥♥♦t❛t✐♦♥ ❞❡ ❚❊ ♥❡ s♦♥t
❞✐s♣♦♥✐❜❧❡s✳
◗✉❛♥t✐✜❝❛t✐♦♥ ♣❛r ❢❛♠✐❧❧❡ ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s
❉❛♥s ❧❡s ♣❛rt✐❡s ✷✳✷ ❡t ✸✳✷✱ ❥✬❛✐ ré❛❧✐sé ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❞♦♥♥é❡s tr❛♥s❝r✐♣t♦♠✐q✉❡s s✉r
❧❡ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ❛✈❡❝ ❇♦✇t✐❡ ✈✶✳✵✳✵ ❡♥ r❡♣♦rt❛♥t ❛✉ ♠❛①✐♠✉♠ ✶✵✵✵✵ ♠❡✐❧❧❡✉r❡s
♣♦s✐t✐♦♥s✳ P♦✉r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❊❚ ♣❛r ❢❛♠✐❧❧❡✱ ❥✬❛✐ ✉t✐❧✐sé ✉♥❡ str❛té❣✐❡ ❞❡ ♣♦♥❞ér❛✲
t✐♦♥ ♦ù ❝❤❛q✉❡ ❛❧✐❣♥❡♠❡♥t ❡st ♣♦♥❞éré ♣❛r ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦s✐t✐♦♥s r❡t♦✉r♥é❡s ♣♦✉r ❧❛
❧❡❝t✉r❡ ❝♦♥s✐❞éré❡✳
❈❡tt❡ str❛té❣✐❡ ♣❡✉t ❛✈♦✐r ❞❡s ❧✐♠✐t❡s ❞❛♥s ❧❡ ❝❛s ♦ù ✐❧ ❡①✐st❡ ❞❡s s✐♠✐❧❛r✐tés ❡♥tr❡
é❧é♠❡♥ts ❞❡ ❢❛♠✐❧❧❡s ♦✉ s♦✉s✲❢❛♠✐❧❧❡s ❞✐✛ér❡♥t❡s✳ Pr❡♥♦♥s ❧❡ ❝❛s ❞❡s é❧é♠❡♥ts ▲✶▼❞❴●❢✳
P❛r ❘◆❆✲s❡q✱ ❝❡s é❧é♠❡♥ts ❛♣♣❛r❛✐ss❡♥t ❝✐♥q ❢♦✐s ♣❧✉s ❡①♣r✐♠és ❞❛♥s ❧❡s ❝❡❧✉❧❧❡s ❣❡r✲
♠✐♥❛❧❡s ♣r✐♠♦r❞✐❛❧❡s ♠â❧❡s ❝❤❡③ ❧❡s s♦✉r✐s ♠✉t❛♥t❡s ♣♦✉r ❉♥♠t✸❧ q✉❡ ❝❤❡③ ❧❡s s♦✉r✐s
s❛✉✈❛❣❡s ✭✈♦✐r P❛rt✐❡ ✸✳✷✮✳ P♦✉rt❛♥t✱ ❞❛♥s ✉♥❡ ♣ré❝é❞❡♥t❡ ét✉❞❡ ✭❩❛♠✉❞✐♦ ❡t ❛❧✳✱ ✷✵✶✺✮✱
♣❛r ❘❚✲qP❈❘ ✭P❈❘ q✉❛♥t✐t❛t✐✈❡ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❆❘◆✮✱ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❛♠♦r❝❡ q✉✐
✶✼✸
r❡❝♦♥♥❛✐t s♣é❝✐✜q✉❡♠❡♥t ❧❡s é❧é♠❡♥ts ▲✶▼❞❴●❢✱ ♥♦✉s ♥✬❛✈✐♦♥s ♣❛s ♦❜s❡r✈é ❞❡ ré❛❝✲
t✐✈❛t✐♦♥ ❞❡ ❝❡s é❧é♠❡♥ts✳ P❧✉s✐❡✉rs ♣♦ss✐❜✐❧✐tés ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❞❡
rés✉❧t❛ts✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧✬❛♠♦r❝❡ ✉t✐❧✐sé❡ ♣❡✉t ♥❡ ♣❛s êtr❡ s♣é❝✐✜q✉❡ à ❝❡s é❧é♠❡♥ts ❡t
❛♠♣❧✐✜❡r ❞✬❛✉tr❡s ❝♦♣✐❡s✳ ▲❛ ❞❡✉①✐è♠❡ ♣♦ss✐❜✐❧✐té s❡ tr♦✉✈❡ ❞❛♥s ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s
tr❛♥s❝r✐♣t♦♠✐q✉❡s ❡t t♦✉❝❤❡ à ❝❡ ♣r♦❜❧è♠❡ ❞✬❛♥♥♦t❛t✐♦♥ ❡♥tr❡ s♦✉s✲❢❛♠✐❧❧❡s s✐♠✐❧❛✐r❡s✳
❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s é❧é♠❡♥ts ▲■◆❊✶ ♣❛rt❛❣❡♥t ❧❛ ♠ê♠❡ séq✉❡♥❝❡ ❡♥ ré✲
❣✐♦♥ ✸✬✳ ❉❡ ♣❧✉s✱ ❧❡s é❧é♠❡♥ts ▲✶▼❞❴●❢ s♦♥t très ❤♦♠♦❧♦❣✉❡s ❛✉① é❧é♠❡♥ts ▲✶▼❞❴❆ ❡t
▲✶▼❞❴❚❢ ✭✈♦✐r ❋✐❣✉r❡ ✶✳✽❈✮✱ ❢❛♠✐❧❧❡s q✉✐ s♦♥t ❛✉ss✐ ré❛❝t✐✈é❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛♥❛❧②s❡
❞❡s ❞♦♥♥é❡s ❘◆❆✲s❡q✱ ❛✉ ♠❛①✐♠✉♠ ✶✵✵✵✵ ♠❡✐❧❧❡✉rs ❛❧✐❣♥❡♠❡♥ts ✈❛❧✐❞❡s s♦♥t r❡♣♦rtés
♣❛r ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✳ ❈❤❛q✉❡ ❛❧✐❣♥❡♠❡♥t ❡st ❡♥s✉✐t❡ ♣♦♥❞éré ♣❛r ❧❡ ♥♦♠❜r❡ ❞❡
♣♦s✐t✐♦♥s r❡t♦✉r♥é❡s✳ ❙✐ ✉♥❡ ❧❡❝t✉r❡ ♣r♦✈✐❡♥t ✐♥✐t✐❛❧❡♠❡♥t ❞✬✉♥ é❧é♠❡♥t ▲✶▼❞❴❚❢ ♠❛✐s
q✉✬❡❧❧❡ s✬❛❧✐❣♥❡ ❛✉ss✐ s✉r ✉♥ é❧é♠❡♥t ▲✶▼❞❴●❢✱ ❝❡ ❞❡r♥✐❡r ✈❡rr❛ s♦♥ ❡①♣r❡ss✐♦♥ ✐♥❝ré✲
♠❡♥té❡ ❞❡ 1N ♦ù N ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦s✐t✐♦♥s r❡♣♦rté❡s ♣♦✉r ❝❡tt❡ ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡✳
❊t ♣♦✉rt❛♥t✱ ❧❛ ❧❡❝t✉r❡ ❞❡ séq✉❡♥ç❛❣❡ ♣r♦✈❡♥❛✐t ❞✬✉♥❡ ❛✉tr❡ ❢❛♠✐❧❧❡✳ ▲❛ s✐♠✐❧❛r✐té ❞❡
séq✉❡♥❝❡s ❡♥tr❡ ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❡st s♣é❝✐✜q✉❡ ❛✉① é❧é♠❡♥ts
▲■◆❊✶✳ ❊♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s s✐♠✉❧é❡s s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s ✭✈♦✐r P❛rt✐❡ ✹✳✷✮✱ ❧❡
t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❡st ❝❛❧❝✉❧é ❝♦♠♠❡ ét❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❧❡❝t✉r❡s ❛❧✐❣♥é❡s à ❧❛ ❜♦♥♥❡
♣♦s✐t✐♦♥ ✭♣♦s✐t✐♦♥ r❡t♦✉r♥é❡ ❂ ♣♦s✐t✐♦♥ s✐♠✉❧é❡✮ ♣❛r r❛♣♣♦rt à ❧✬❡♥s❡♠❜❧❡ ❞❡s ❧❡❝t✉r❡s
❛❧✐❣♥é❡s✳ ❉❡ ♣❧✉s✱ ❧❡ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ❝♦♠♣❛r❡ ❧❛ ❢❛♠✐❧❧❡ s✉r ❧❛q✉❡❧❧❡
s✬❛❧✐❣♥❡ ❧❛ ❧❡❝t✉r❡ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ s✐♠✉❧é❡✳ ❈❡ ❞❡r♥✐❡r ❝❛❧❝✉❧ ♣❡r♠❡t ❞❡ ✈♦✐r q✉❡❧❧❡
❢❛♠✐❧❧❡ ❛ ✉♥❡ s✐♠✐❧❛r✐té ❞❡ séq✉❡♥❝❡s ❛✈❡❝ ❞✬❛✉tr❡s ❢❛♠✐❧❧❡s✳ ❯♥❡ ❢❛♠✐❧❧❡ q✉✐ ❛ ✉♥ t❛✉①
❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ♣r♦❝❤❡ ❞❡ ✶✵✵✪ ❛ très ♣❡✉ ❞❡ s✐♠✐❧❛r✐té ❞❡ séq✉❡♥❝❡s ❛✈❡❝
✉♥❡ ❛✉tr❡ ❢❛♠✐❧❧❡✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❧❡❝t✉r❡s ❞❡ séq✉❡♥ç❛❣❡ s♦♥t r❡♣♦rté❡s ❞❡ ❢❛ç♦♥
❛❧é❛t♦✐r❡✱ ✻✵✪ ❞❡s ❧❡❝t✉r❡s ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▲✶▼❞❚❢❴■ s♦♥t ❛❧✐❣♥é❡s s✉r ✉♥ é❧é✲
♠❡♥t ▲✶▼❞❚❢❴■ ✭❋✐❣✉r❡ ✺✳✶❆✮✳ ❈❡❝✐ ✈❡✉t ❞✐r❡ q✉❡ ✹✵✪ ❞❡s ❧❡❝t✉r❡s s✐♠✉❧é❡s ❞❡ ❝❡tt❡
❢❛♠✐❧❧❡ s✬❛❧✐❣♥❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ s✉r ✉♥❡ ❛✉tr❡ ❢❛♠✐❧❧❡ ❡t s♦♥t ❞♦♥❝ ❝♦♠♣té❡s ❧♦rs
❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ♣♦✉r ✉♥❡ ❛✉tr❡ ❢❛♠✐❧❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ❢❛♠✐❧❧❡s à ▲❚❘ ❝♦♠♠❡ ❧❡s
❢❛♠✐❧❧❡s ▼❊❘❱▲✱ ■❆P❊③ ♦♥t ✉♥ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ❞❡ ✾✾✪ q✉❛♥❞ ✉♥❡
❧❡❝t✉r❡ ❛❧é❛t♦✐r❡ ❡st r❡t♦✉r♥é❡✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✱ ❧❛ ❢❛♠✐❧❧❡ ▲✶❍❙ q✉✐
❡st ❧❛ ♣❧✉s ❥❡✉♥❡ ❢❛♠✐❧❧❡ ❞❡s ▲■◆❊✶ ❛ ✉♥ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ❞❡ ✽✺✪
q✉❛♥❞ ❧❡s ❧❡❝t✉r❡s s♦♥t r❡♣♦rté❡s ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳ ▲♦rsq✉❡ ❧❡s ❧❡❝t✉r❡s ❞✐t❡s ✉♥✐q✉❡s
s♦♥t r❡♣♦rté❡s✱ ✽✽✪ ❞❡s ❧❡❝t✉r❡s ♣r♦✈❡♥❛♥t ❞❡s é❧é♠❡♥ts ▲✶▼❞❚❢❴■ s♦♥t ❛❧✐❣♥é❡s s✉r
✶✼✹
✉♥ é❧é♠❡♥t ▲✶▼❞❚❢❴■ ✭❋✐❣✉r❡ ✺✳✶❇✮✳ ❈❡tt❡ ❛♥❛❧②s❡ ♠♦♥tr❡ q✉✬✐❧ ❢❛✉t ♣r❡♥❞r❡ ❛✈❡❝ ♣ré✲
❝❛✉t✐♦♥ ❧❡s rés✉❧t❛ts ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s é❧é♠❡♥ts ▲■◆❊✶✳ ▲✬❛❧✐❣♥❡♠❡♥t r❡♣♦rt❛♥t ❧❡s
❧❡❝t✉r❡s ❞✐t❡s ✉♥✐q✉❡s ❞♦♥♥❡ ✉♥ ♠❡✐❧❧❡✉r t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡✳ ❈❡♣❡♥❞❛♥t✱
s❡✉❧❡♠❡♥t ✶✽✪ ❞❡s ❧❡❝t✉r❡s ♣r♦✈❡♥❛♥t ❞❡s é❧é♠❡♥ts ▲✶▼❞❚❢❴■ s❡r♦♥t ❛❧✐❣♥é❡s ❞❡ ❢❛ç♦♥
✉♥✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❢❛♠✐❧❧❡s à ▲❚❘ ❞♦♥♥❡ ✉♥❡ ❜♦♥♥❡ ❡st✐♠❛t✐♦♥
❞❡ ❧❡✉r r❡♣rés❡♥t❛t✐♦♥ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❧❡❝t✉r❡s s♦♥t r❡♣♦rté❡s ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳
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Random alignmentA B
❋✐❣✉r❡ ✺✳✶✿ ▼❛♣♣❛❜✐❧✐té ❞❡s ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞✬é❧é♠❡♥ts tr❛♥s♣♦s❛❜❧❡s ❆✳
❚❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ✈s t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❧♦rs ❞✬✉♥ ❛❧✐❣♥❡♠❡♥t ❛❧é❛t♦✐r❡ s✉r
❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s✳ ▲❡ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❝♦♠♣❛r❡ ❧❛ ♣♦s✐t✐♦♥ r❡t♦✉r♥é❡ à ❧❛ ♣♦s✐t✐♦♥
s✐♠✉❧é❡✳ ▲❡ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ❝♦♠♣❛r❡ ❧❛ ❢❛♠✐❧❧❡ s✉r ❧❛q✉❡❧❧❡ s✬❛❧✐❣♥❡ ❧❛
❧❡❝t✉r❡ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ ❞✬♦ù ❡❧❧❡ ❛ été s✐♠✉❧é❡✳ ❇✳ ❚❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ s✉r ❧❛ ❢❛♠✐❧❧❡ ✈s
t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❧♦rs ❞✬✉♥ ❛❧✐❣♥❡♠❡♥t ✉♥✐q✉❡ s✉r ❧❡ ❣é♥♦♠❡ ❞❡ ❧❛ s♦✉r✐s✳
◗✉❛♥t✐✜❝❛t✐♦♥ ♣❛r é❧é♠❡♥t tr❛♥s♣♦s❛❜❧❡
❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s séq✉❡♥❝❡s ❝♦♥s❡♥s✉s s♦♥t ✉t✐❧✐sé❡s ♣♦✉r ❧✬❛❧✐❣♥❡♠❡♥t✱ ❧❛ q✉❛♥t✐✜✲
❝❛t✐♦♥ s❡r❛ ♣❛r ❝♦♥séq✉❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s ❢❛♠✐❧❧❡s ❞❡ ❊❚✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬❛❧✐❣♥❡♠❡♥t s✉r
✉♥ ❣é♥♦♠❡ ❞❡ ré❢ér❡♥❝❡ ♣♦✉rr❛ ✐♥❞✉✐r❡ ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ❞❡ ❊❚
♠❛✐s ❛✉ss✐✱ ❡♥ ♣r✐♥❝✐♣❡✱ ♣♦✉r ❝❤❛q✉❡ ❝♦♣✐❡ ✐♥❞✐✈✐❞✉❡❧❧❡✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❛ q✉❛♥t✐✜❝❛t✐♦♥
❡st ❡✛❡❝t✉é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❢❛♠✐❧❧❡s ❡t q✉✬✉♥❡ s✉r✲r❡♣rés❡♥t❛t✐♦♥ ❡st tr♦✉✈é❡ ❡♥tr❡ ❞❡✉①
❝♦♥❞✐t✐♦♥s✱ ❝❡tt❡ s✉r✲r❡♣rés❡♥t❛t✐♦♥ r❡♣rés❡♥t❡ ✉♥❡ ♠♦②❡♥♥❡ ♣♦✉r t♦✉s ❧❡s é❧é♠❡♥ts✳ ❊♥
✶✼✺
❡✛❡t✱ tr♦✐s ❝❛s ❞❡ ✜❣✉r❡ ♣❡✉✈❡♥t ❛✈♦✐r ❧✐❡✉ ✿ ✶✮ t♦✉s ❧❡s é❧é♠❡♥ts s♦♥t s✉r✲r❡♣rés❡♥tés✱ ✷✮
✉♥ s♦✉s✲❡♥s❡♠❜❧❡ ❞✬é❧é♠❡♥ts ❡st s✉r✲r❡♣rés❡♥té ✸✮ ✉♥ s♦✉s✲❡♥s❡♠❜❧❡ ❞✬é❧é♠❡♥ts ❡st s✉r✲
r❡♣rés❡♥té ❡t q✉❡❧q✉❡s é❧é♠❡♥ts s♦♥t s♦✉s✲r❡♣rés❡♥tés✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s
❢❛♠✐❧❧❡s ❞❡ ❊❚ ❞♦♥♥❡ ✉♥❡ ✐❞é❡ ❣é♥ér❛❧❡ ❞❡ ❝♦♠♠❡♥t s❡ ♣♦rt❡♥t t♦✉s ❧❡s é❧é♠❡♥ts s❛♥s
❛✈♦✐r ❞✬✐♥❢♦r♠❛t✐♦♥s ♣♦✉r ❝❤❛q✉❡ é❧é♠❡♥t✳ ▲✬❛♥❛❧②s❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❡♥✲
tr❡ ❞❡✉① ❝♦♥❞✐t✐♦♥s ♣❡✉t ♥❡ ♣❛s êtr❡ s✐❣♥✐✜❝❛t✐✈❡ ♣♦✉r ✉♥❡ ❢❛♠✐❧❧❡ ♠❛✐s ❝❡❝✐ ♥❡ ❞♦♥♥❡ ♣❛s
❞✬✐♥❞✐❝❛t✐♦♥s q✉❛♥t à ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❝❤❛q✉❡ ❝♦♣✐❡ ❞❡ ❝❡tt❡ ❢❛♠✐❧❧❡✳
▲✬❛✈❛♥t❛❣❡ ❞✬✉♥❡ ❛♥❛❧②s❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❡st ❧✬✐♥❢♦r♠❛t✐♦♥ q✉✐ ♣❡✉t
êtr❡ ❡①tr❛✐t❡ ♣❛r r❛♣♣♦rt à ❧✬â❣❡✱ à ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬é❧é♠❡♥t ♠❛✐s ❛✉ss✐ à s❛ ❧♦❝❛❧✐s❛t✐♦♥
❞❛♥s ❧❡ ❣é♥♦♠❡ ✭❝❤r♦♠♦s♦♠❡✱ ♣r♦①✐♠✐té ❛✈❡❝ ❞❡s ❣è♥❡s✱ ❡t❝✮✳ ■❧ ❛ ❞é❥à été ♠♦♥tré q✉❡
❧❛ ♠❛rq✉❡ ❝❤r♦♠❛t✐♥✐❡♥♥❡ ❍✸❑✾♠❡✸ s❡ ✜①❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❡♥ ré❣✐♦♥ ✺✬ ❞❡s é❧é♠❡♥ts
▲✶ ❝♦♠♣❧❡ts ✭P❡③✐❝ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆✜♥ ❞✬❡①tr❛✐r❡ ❝❡tt❡ ✐♥❢♦r♠❛t✐♦♥✱ ❧✬❛♥❛❧②s❡ ❛ été ❡✛❡❝✲
t✉é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✳ ▲❛ s♣é❝✐✜❝✐té ❞❡ ❉◆▼❚✸❈ ❛ ❛✉ss✐ été ét❛❜❧✐❡
❡♥ ét✉❞✐❛♥t ❧❡s ❝♦♣✐❡s ❞❡ ❢❛ç♦♥ ✐♥❞✐✈✐❞✉❡❧❧❡ ✭❇❛r❛✉ ❡t ❛❧✳✱ ✷✵✶✻✮ ✭✈♦✐r P❛rt✐❡ ✸✳✷✮✳
❘❡♣♦rt❡r ✉♥ ❛❧✐❣♥❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ♣♦✉r ❞❡s ❧❡❝t✉r❡s ♠✉❧t✐♣❧❡s ❞♦♥♥❡ ❧❛
♠❡✐❧❧❡✉r❡ ❡st✐♠❛t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞✬❡①♣r❡ss✐♦♥ ❞❡s ❢❛♠✐❧❧❡s ❞❡ ❊❚✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❝❤❛q✉❡
❝♦♣✐❡ ✐♥séré❡ ❞❛♥s ❧❡ ❣é♥♦♠❡ ❡st q✉❛♥t✐✜é❡✱ ✐❧ s❡♠❜❧❡ ❥✉❞✐❝✐❡✉① ❞✬✉t✐❧✐s❡r ✉♥ ❛❧✐❣♥❡✲
♠❡♥t ♥❡ r❡♣♦rt❛♥t q✉❡ ❧❡s ❛❧✐❣♥❡♠❡♥ts ✉♥✐q✉❡s✳ ▲❡s ❢❛♠✐❧❧❡s ▲✶▼❞❚❢❴■✱ ▲✶▼❞❚❢❴■■✱
▲✶▼❞❆❴■✱ ■❆P❊③✲✐♥t✱ ▼❊❘❱▲✲✐♥t✱ ▼❯❘❱❨✲✐♥t✱ ❘▲❚❘✺❴▼♠✱ ❘▲❚❘✹❴▼♠ ♦♥t ✉♥
t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ✭♣♦s✐t✐♦♥ r❡t♦✉r♥é❡ ❂ ♣♦s✐t✐♦♥ s✐♠✉❧é❡✮ ❞❡ ♠♦✐♥s ❞❡ ✹✵✪ ✭❋✐❣✲
✉r❡ ✺✳✶❆✮ ❡♥ r❡♣♦rt❛♥t ❧❡s ❧❡❝t✉r❡s ❞✐t❡s ✉♥✐q✉❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s é❧é♠❡♥ts à ▲❚❘
♦♥t ✉♥ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❞❡ ♣❧✉s ❞❡ ✾✽✪ ✭❋✐❣✉r❡ ✺✳✶❇✮✳ ▲❡s é❧é♠❡♥ts ▲✶▼❞❚❢❴■✱
▲✶▼❞❚❢❴■■✱ ▲✶▼❞❆❴■ ♦♥t ❡✉① ✉♥ t❛✉① ❞❡ ✈r❛✐ ♣♦s✐t✐❢ ❡♥tr❡ ✽✵ ❡t ✽✺✪✳ ■❧ ❡st ❞♦♥❝
r❡❝♦♠♠❛♥❞é ❞✬❡✛❡❝t✉❡r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡ ❝❡s ❢❛♠✐❧❧❡s ❡♥ r❡✲
♣♦rt❛♥t ❧❡s ❧❡❝t✉r❡s ✉♥✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❢❛✉t ❞❛♥s ❝❡ ❝❛s ❣❛r❞❡r à ❧✬❡s♣r✐t q✉❡ ❧❡s
❝♦♣✐❡s ❧❡s ♣❧✉s ❥❡✉♥❡s✱♠♦✐♥s ♣♦❧②♠♦r♣❤✐q✉❡s s❡r♦♥t s♦✉s✲r❡♣rés❡♥té❡s✳ ❆✐♥s✐✱ ✉♥❡ ✈❛❧❡✉r
❞❡ r❡♣rés❡♥t❛t✐♦♥ ❢❛✐❜❧❡ ♥❡ ✈❡✉t ♣❛s ❞✐r❡ q✉❡ ❧❛ ❝♦♣✐❡ ♥✬❡st ♣❛s ❡①♣r✐♠é❡ ♦✉ ❡♥r✐❝❤✐❡
♣♦✉r ✉♥❡ ❝❡rt❛✐♥❡ ♠❛rq✉❡✳ ■❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ s❛ t❛✐❧❧❡ ❡t s♦♥ â❣❡ ❝✬❡st✲à✲❞✐r❡
s❛ ❞✐✈❡r❣❡♥❝❡ ♣❛r r❛♣♣♦rt à ❧❛ séq✉❡♥❝❡ ❝♦♥s❡♥s✉s✱ ✐♥❢♦r♠❛t✐♦♥s ❞✐s♣♦♥✐❜❧❡s ❣râ❝❡ à
❧✬❛♥♥♦t❛t✐♦♥ ❞❡ ❘❡♣❡❛t▼❛s❦❡r✳ ▲❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❝♦♣✐❡s ✐♥❞✐✈✐❞✉❡❧❧❡s s❡r❛✐t ♣❧✉s
❢❛❝✐❧❡ à ❡st✐♠❡r ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ❞❡ ❈❤■P✲s❡q✱ ❣râ❝❡ ❛✉① ❧❡❝t✉r❡s q✉✐ ❝❤❡✈❛✉❝❤❡♥t ❧❡s
séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s ✉♥✐q✉❡s✱ à ❝♦♥❞✐t✐♦♥ q✉❡ ❧❛ ♠❛rq✉❡ ❞✬❤✐st♦♥❡ s✬ét❡♥❞❡ ❛✉① ré✲
❣✐♦♥s ✈♦✐s✐♥❡s ❞❡s ❊❚✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❝❡ ♣❤é♥♦♠è♥❡ ♣❡✉t êtr❡ ✈❛r✐❛❜❧❡ s✉✐✈❛♥t ❧❡s
✶✼✻
♠❛rq✉❡s ét✉❞✐é❡s✿ ♥♦✉s ❛✈♦♥s ♣❛r ❡①❡♠♣❧❡ r❡♠❛rq✉é ❞❛♥s ♥♦s ❞♦♥♥é❡s ❞❡ ❈❤■P✲s❡q s✉r
♠❊❙❈ q✉❡ ❧❛ ♠❛rq✉❡ ❍✸❑✾♠❡✸ ♣❡✉t s✬ét❡♥❞r❡ ❞❡ ❧❛ ré❣✐♦♥ ♣r♦♠♦tr✐❝❡ ❞❡s ❊❚ ✈❡rs ❧❡s
ré❣✐♦♥s ✉♥✐q✉❡s ❡♥ ✺✬✱ ❛❧♦rs q✉❡ ❧❛ ♠❛rq✉❡ ❍✸❑✷✼♠❡✸ s❡♠❜❧❡ ❡①❛❝t❡♠❡♥t ❝♦♥✜♥é❡ ❛✉①
❊❚✱ s❛♥s ❞é❜♦r❞❡♠❡♥t ✭❲❛❧t❡r ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❉✬❛✉tr❡s ét✉❞❡s✱ ❛✉ss✐ s✉r ♠❊❙❈✱ ♦♥t ♦❜✲
s❡r✈é q✉❡ ❝❡❝✐ ♣♦✉✈❛✐t ❛✉ss✐ êtr❡ ✈❛r✐❛❜❧❡ s✉✐✈❛♥t ❧❡s ❢❛♠✐❧❧❡s ❞✬❊❚✿ ❧❡s é❧é♠❡♥ts à ▲❚❘
♦♥t t❡♥❞❛♥❝❡ à ✐♥❞✉✐r❡ ❧✬❤étér♦❝❤r♦♠❛t✐♥✐s❛t✐♦♥ ❞❡s séq✉❡♥❝❡s ✢❛♥q✉❛♥t❡s ✉♥✐q✉❡s ♣❛r
❞✐✛✉s✐♦♥ ❞❡s ♠❛rq✉❡s ❍✸❑✾♠✸ ❡t ❍✹❑✷✵♠❡✸✱ ♠❛✐s ♣❛s ❧❡s ▲✶ ✭❘❡❜♦❧❧♦ ❡t ❛❧✳✱ ✷✵✶✶✮✳
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 number (and percentage) of unique elements expressed at  total number 
of elements 
 D0 D6 D13 throughout 
conversion 
 
All LINE1s 4,334 (0.7%) 5,659 (1%) 2,303 (0.4%) 7,163 (1.2%)  588,739 
All ERVs 1,229 (2.0%) 1,925 (3.1%) 1,381 (2.2%) 2,372 (3.8%)  62,098 
L1Md_A 1,068 (8.1%) 1,620 (12.3%) 425 (3.2%) 1,891 (14.4%)  13,172 
L1Md_T 1,631 (9.2%) 2,129 (12.0%) 438 (2.5%) 2,447 (13.8%)  17,740 
IAPEz 45 (1.5%) 127 (4.3%) 63 (2.1%) 174 (5.9%)  2,958 
IAPEy 9 (1.8%) 66 (12.9%) 64 (12.5%) 85 (16.6%)  512 
ETnERV 119 (6%) 159 (8.1%) 94 (4.8%) 178 (9.0%)  1,969 
MERVL 118 (3.4%) 110 (3.2%) 56 (1.6%) 159 (4.6%)  3,444 
VL30 4 (1.2%) 12 (3.5%) 3 (0.9%) 13 (3.8%)  343 
MMERGLN 7 (2.3%) 68 (22,6%) 53 (17,6%) 71 (23,6%)  300 
malR-ORR1A 210 (3.9%) 349 (6.6%) 265 (5.0%) 447 (8.5%)  5,256 
 
Supplementary file 2A - Number and percentage of active transposable elements at 
D0, D6 and D13 during conversion from serum to 2i+vitC. Elements were considered as 
“active” when they were covered by at least 10 uniquely mapped reads at one of the time 
point. Percentages represent the proportion of active copies relative to the total number of 
elements in a given family, as estimated from the reconstructed version of RepeatMasker. 
For ERVs, solo-LTRs were excluded and numbers represent only elements containing 
internal sequences. 
 
 
Biological Process  P-value 
multicellular organismal development (GO:0007275) 2.890e-05 
single-multicellular organism process (GO:0044707) 1.004e-04 
multicellular organismal process (GO:0032501) 1.875e-04 
anatomical structure development (GO:0048856) 2.711e-04 
single-organism developmental process (GO:0044767) 2.929e-04 
developmental process (GO:0032502) 3.279e-04 
anatomical structure morphogenesis (GO:0009653) 3.383e-04 
system development (GO:0048731) 5.315e-04 
organ development (GO:0048513) 1.275e-03 
single-organism process (GO:0044699) 3.169e-03 
 
 
Molecular Function  P-value 
nucleic acid binding transcription factor activity (GO:0001071) 9.731e-03 
sequence-specific DNA binding transcription factor activity (GO:0003700) 9.731e-03 
regulatory region nucleic acid binding (GO:0001067) 5.069e-02 
regulatory region DNA binding (GO:0000975) 5.069e-02 
transcription regulatory region DNA binding (GO:0044212) 5.069e-02 
sequence-specific DNA binding RNA polymerase II transcription factor activity 
(GO:0000981) 
8.025e-02 
molecular_function (GO:0003674) 1.229e-01 
RNA polymerase II core promoter proximal region sequence-specific DNA 
binding transcription factor activity (GO:0000982) 
2.048e-01 
RNA polymerase II transcription regulatory region sequence-specific DNA 
binding transcription factor activity involved in negative regulation of 
transcription (GO:0001227) 
2.774e-01 
DNA binding (GO:0003677) 6.186e-01 
 
Supplementary file 2B – Gene Ontology enrichment analysis for genes specifically up-
regulated between D0 and D6. Gene ontology analysis for biological processes and 
molecular functions was performed for the 156 genes that were significantly up-regulated 
between D0 and D6 but with no significant differences between D0 and D13. The ten most 
significant terms are shown. 
 
 
  number of reads at the 
junction transposon-
2nd exon 
RPKM  
Gene Transposon D0 D6 D13 D0 D6 D13 
Prrc1 RLTR16B_MM 542 4202 4583 5.1 49.7 70.7 
Bglap3 IAP-d-int 29 2420 3061 0.1 5.7 4.1 
Gab1 RLTR15 2823 1714 1261 142.5 113.1 100.0 
Mylpf ID_B1 537 1691 1093 28.1 143.3 116.3 
Pecam1 RLTR11B 869 1493 1530 20.2 36.5 33.8 
Usp7 ORR1A4 994 1360 1077 40.7 55.2 48.0 
Plcb4 RLTR17 209 1093 716 5.7 4.2 2.8 
Cyp2b23 ERVB7_2B-LTR_MM 16 860 356 0.2 4.2 3.3 
Nfu1 Lx7 785 637 468 5.8 4.6 3.7 
Mep1b RLTR9E 66 625 159 0.3 3.1 0.6 
Dopey2 Lx7 74 591 258 2.2 16.1 11.0 
1500012F01Rik B2_Mm2 571 534 198 20.7 20.5 8.1 
Cdyl2 RLTR15 230 496 482 5.1 13.6 12.9 
Serpina3m MMERVK9C_I-int 2 488 507 0.0 6.9 6.6 
Wdr95 L1MB2 24 443 433 0.2 5.1 5.2 
4930548H24Rik BGLII 88 419 385 0.6 4.1 4.2 
Kdm2b B4A 14 401 158 1.1 26.5 16.6 
Ppm1a MT2B 87 393 265 0.8 2.6 1.9 
Atg4b RLTR12D 60 358 311 2.1 9.6 8.0 
Pla2g1b RLTR11A 874 357 155 21.2 6.5 3.9 
Fbrsl1 RLTR11B 324 325 168 12.7 13.7 10.8 
Hcrtr2 ORR1B2 47 307 220 0.3 1.2 0.4 
Xpot RMER6B 250 297 132 5.9 7.0 4.0 
Sec24d ORR1D1 424 276 127 2.0 2.9 0.5 
Oas1f MTD-int 4 257 544 0.1 9.7 21.7 
Atg13 L1MB3 155 243 57 3.8 7.2 2.1 
Cul5 RLTR20C1 98 236 125 4.5 7.3 8.0 
Mybl2 B1_Mur3 224 223 121 9.2 9.4 6.3 
Aoah BLII_Mus 101 212 89 5.1 10.6 2.8 
Ccbl2 RLTR44-int 2 201 148 0.0 1.7 1.6 
 
Supplementary file 2C – List of chimeric transcripts identified during conversion from 
serum to 2i+vitC. The 30 genes with the highest number of chimeric reads at D6 are ranked 
here. Numbers represent the absolute read count at the junction between the transposon 
(first exon) and the second exon of the gene, and the normalized read count of the whole 
transcript in RPKM.  
 
 
RT-qPCR and ChIP-qPCR  
RplP0 F TCCAGAGGCACCATTGAAATT 
RplP0 R TCGCTGGCTCCCACCTT 
Gapdh F TCCATGACAACTTTGGCATTG  
Gapdh R CAGTCTTCTGGGTGGCAGTGA  
LINE1 F (ORF2) GGAGGGACATTTCATTCTCATCA 
LINE1 R (ORF2) GCTGCTCTTGTATTTGGAGCATAGA 
IAPEz F (IAPdelta1 subfamily) AACGCTGCTGCTTTAACTCC 
IAPEz R (IAPdelta1 subfamily) TGCACATAAAGCTGGCACA 
MERVL F  CAATGGGAAGGTCCAGAAGA 
MERVL R  CCTTGTTACCTCGGAATCCA 
L1-T F (T monomer) CAGCGGTCGCCATCTTG 
L1-T R (T monomer) CACCCTCTCACCTGTTCAGACTAA 
L1-A F (A monomer) GGATTCCACACGTGATCCTAA 
L1-A R (A monomer) TCCTCTATGAGCAGACCTGGA 
IAPEz 5 ‘UTR F (for ChIP) CGGGTCGCGGTAATAAAGGT  
IAPEz 5 ‘UTR F (for ChIP) ACTCTCGTTCCCCAGCTGAA 
Major Satellite F GACGACTTGAAAAATGACGAAATC 
Major Satellite R CATATTCCAGGTCCTTCAGTGTGC 
 
CRISPR guide sequence (without PAM) 
Trim28 exon 3 5' GCAAGTAAATACAGGTCTGC 
Trim28 exon 3 3' GCAGACTTTGGAGGTTTAGG 
Suvar39h1 exon 4 GGCCAGATCTACGACCGCCA 
Suvar39h2 exon 4 5' TCTTCACTTGTGATCACCTA 
Suvar39h2 exon 4 3' ACAGTGGATGCAGCTCGATA 
Setdb1 exon 16 AGATGGCAACAGCGGTTCAG 
Eed exon 6 5’ TCCCTTAGTTCAGTTTGTTT 
Eed exon 6 3’ CCTTGAGTGTACTAGGCTAT 
 
Bisulfite pyrosequencing 
Dazl F TTTAGGATTTATTTTATAGGGGT 
Dazl R [Btn] CAAAAAAAACCAAAAAACCCA 
Dazl Seq GGGGGGTTAGGGAGTG 
H19 F GGGTTTTTTTGGTTATTGAATTTTAA 
H19 R [Btn] AATACACACATCTTACCACCCCTATA 
H19 Seq TGTTATGTGTAATAAGGGAA 
Oct4 F AGGGGTGAGAGGATTTTGAA 
Oct4 R [Btn] ACCTCTCCCTCCCCAATC 
Oct4 Seq GGTTGAAAATGAAGGTTT 
IAP F GAGGGTGGTTTTTTATTTTATGTGT 
IAP R [Btn] ATCACTCCCTAATTAACTACAACC 
IAP Seq TTTTTATTTTATGTGTTTTGTTTTT 
L1-T F GGTTGGGGAGGAGGTTTAAGTTATA 
L1-T R [Btn] CTACCTATTCCAAAAACTATCAAATTCTT 
L1-T Seq GGGAGGAGGTTTAAGTTATAGTA 
L1-A F AGATTGAGGTATATAGGGAAGTAGGTT 
L1-A R [Btn] ATCCACTCACCAAAAATCTTAAAAT 
L1-A Seq GGTATATAGGGAAGTAGGTTA 
 
Nanostring nCounter target sequences 
Ppia CCAAGACTGAATGGCTGGATGGCAAGCATGTGGTCTTTGGGAAGGTGAAAGAAGGCATGAACAT
TGTGGAAGCCATGGAGCGTTTTGGGTCCAGGAATGG 
Gapdh 
 
AGGTTGTCTCCTGCGACTTCAACAGCAACTCCCACTCTTCCACCTTCGATGCCGGGGCTGGCATTGC
TCTCAATGACAACTTTGTCAAGCTCATTTCCTG 
RplP0 AAGGAAGAGTCGGAGGAATCAGATGAGGATATGGGATTCGGTCTCTTCGACTAATCCCGCCAAAG
CAACCAAGTCAGCCTGCTTAATTTGAGAAAGATGG 
Actb AGTTCGCCATGGATGACGATATCGCTGCGCTGGTCGTCGACAACGGCTCCGGCATGTGCAAAGCC
GGCTTCGCGGGCGACGATGCTCCCCGGGCTGTATT 
PCNA 
 
AGACCTTAGCCACATTGGAGATGCTGTTGTGATATCCTGTGCAAAGAATGGGGTGAAG
TTTTCTGCAAGTGGAGAGCTTGGCAATGGGAACATTAAGTTG 
Ki-67 
 
TGATTTGCTCCAAAAGGCGAAGTGGAGCTTCTGAAGCCAACTTGATTGTTGCAAAATCA
TGGGCTGATGTTGTAAAACTTGGCGTGAAACAAACACAAAC 
Top2a 
 
TACTACAAAGGTTTGGGCACCAGCACATCAAAGGAAGCTAAGGAATATTTTGCAGATAT
GAAACGACATCGTATTCAGTTCAAATACTCTGGCCCTGAAG 
IAPEz  TTGACTTGTTAACGGGTCAGAGAGCTTATTCTGCTAAACCTGATAAGAGGTATCAATGGAAGGTCT
TACCACAGGGGATGTCCAATAGTCCTACAATGTG 
Line1 
ORF2  
AATGGCTAAGATCAAAAATTCAGGTGACAGCAGATGCTGGCGAGGATGTGGAGAAAGA
GGAACACTCCTCCATTGTTGGTGGGAGTGCAGGCTTGTACAA 
L1-A 
 
GGCTACCCGGGCCTGATCTGGGGCACAAGTCCCTTCCGCTCGACTCGAGACTCGAGCCCCGGGCT
ACCTTGCCAGCAGAGTCTTGCCCAACACCCGCAAG 
L1-T CCGGCTGGGGAGGCGGCCTAAGCCACAGCAGCAGCGGTCGCCATCTTGGTCCGGGACCCGCCGA
ACTTAGGAAATTAGTCTGAACAGGTGAGAGGGTGCG 
MERVL GTATTCCTGGAGAAATTGCAGAAATTACTGCCACTATCAAGGACTTGAAAGATGCAGGGGTGGTG
GTTCCCACCACATCTCCGTTTAACTCTCCTATCTG 
VL30 
 
GCCTTCTAAAATAAGCCTAAAAATCCTGTCAGATCCCTATGCTGACCACTTCCTTTCAG
ATCAACAGCTGCCCTGCCTCCCACTCCAACTCCAGAGAGCA 
 
Supplementary file 2D – Primer and sequence list 
 
 
Antigen target Supplier/Reference Usage (dilution) 
LINE1-ORF1 gift from A. Bortvin Western (1/1000) - IF (1/1000) 
IAP-GAG gift from B. Cullen IF (1/200) 
KAP1 Abcam ab10483 Western (1/1000) 
PARP Cell Signaling IF (1/200) 
H3S10phospho Cell signaling 9706 IF (1/500) 
H3K9me2 Abcam ab1220 Western (1/1000) - IF (1/200) - ChIP (5μg) 
H3K9me3  Abcam ab8898 Western (1/1000) - IF (1/200) - ChIP (3μg) 
H3K27me3 Cell Signaling C36B11 Western (1/1000) - IF (1/200) - ChIP (5μL) 
H3K4me3 Milipore 07-473 ChIP (3μL) 
OCT4 Abcam ab19857 Western (1/1000) 
NANOG Abcam ab70482 Western (1/1000) 
KLF4 Santa Cruz sc20691 Western (1/1000) 
SOX2 Millipore AB5603 Western (1/1000) 
H3 Abcam ab1791 Western (1/5000) 
TUBULIN Millipore CP06 Western (1/5000) 
SUV39H1 Cell signaling 8729S Western (1/1000) 
 
Supplementary file 2E – Antibody list 
 
 
❘➱❋➱❘❊◆❈❊❙
❙✉♣♣❧❡♠❡♥t❛r② t❛❜❧❡s ❛♥❞ r❡❢❡r❡♥❝❡s ✿ ❇❛r❛✉ ❡t ❛❧✳ ✭✷✵✶✻✮
✶✾✷
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Table S1. 
List of oligonucleotides. 
Name Use Sequence (5’to 3’) 
Dnmt3C long isof. FWD 
qPCR 
GAATCCTTGAGTGCTTGCCT 
Dnmt3C long isof. REV GACTTGGGTCAAAGGAACAGT 
Dnmt3C short isoform FWD 
qPCR 
GGATGGATGGATACTCTGGA 
Dnmt3C short isoform REV AAGTACCCTGTTGCAATTCC 
Dnmt3C total FWD 
qPCR 
CCTGTCAGGAAAGGCCTGTT 
Dnmt3C total REV CCTCTTGTCACCGACCTC 
Dnmt3B FWD 
qPCR 
CCCATGCAATGATCTCTCTAAC 
Dnmt3B REV AGAATGGACGGTTGTCGC 
Beta-actin FWD 
qPCR 
AAGTGACGTTGACATCCG 
Beta-actin REV GATCCACATCTGCTGGAAGG 
Rrm2 FWD 
qPCR 
CCGAGCTGGAAAGTAAAGCG 
Rrm2 REV ATGGGAAAGACAACGAAGCG 
L1-ORF2 FWD 
qPCR 
GGAGGGACACTTCATTCTCATCA 
L1-ORF2 REV GCTGCTCTTGTATTTGGAGCATAGA 
L1-A FWD 
qPCR 
GGATTCCACACGTGATCCTAA 
L1-A REV TCCTCTATGAGCAGACCTGGA 
L1-T REV 
qPCR 
CAGCGGTCGCCATCTTG 
L1-T REV CACCCTCTCACCTGTTCAGACTAA 
L1-Gf FWD 
qPCR 
CTCCTTGGCTCCGGGACT 
L1-Gf REV CAGGAAGGTGGCCGGTTGT 
IAPEz FWD 
qPCR 
AACGCTGCTGCTTTAACTCC 
IAPEz REV TGCACATAAAGCTGGCACA 
Dnmt3C IAP FWD 
genotyping 
TGCACTTGGAGAGGGAATC 
Dnmt3C IAP REV1 GCGACGAATAACAATGTGTC 
Dnmt3C IAP REV2 ACAGAAAATTGTCAGGGCAG 
Gm14490 mut. FWD 
cloning 
GGAATCCGTGAGGACAGAGA 
Gm14490 mut. REV CCGAGGTGTGTGAACATCAG 
Dnmt3C IAP FWD 
RT-PCR 
CCCTGCAATGATCTTTCCTGT 
Dnmt3C IAP REV1 CCTAGGCAATGGTTGTTCTC 
Dnmt3C IAP REV2 CTATTCACAGGCAAAGTGGT 
Dnmt3C KO FWD 
genotyping 
GGAGTTGCTGACTAAGGAAA 
Dnmt3C KO REV CAGAGAACAGGGTTTGATCG 
L1-T 5’UTR FWD 
PyroSeq. 
GGTTGGGGAGGAGGTTTAAGTTATA 
L1-T 5’UTR REV Btn-CTACCTATTCCAAAAACTATCAAATTCTCT 
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L1T 5’UTR-Seq GGGAGGAGGTTTAAGTTATAGTA 
L1-A 5’UTR FWD 
PyroSeq. 
AGATTGAGGTATATAGGGAAGTAGGTT 
L1-A 5’UTR REV Btn-ATCCACTCACCAAAAATCTTAAAAT 
L1A 5’UTR-Seq GGTATATAGGGAAGTAGGTTA 
IAPEz 5’LTR FWD 
PyroSeq. 
GAGGGTGGTTTTTTATTTTATGTGT 
IAPEz 5’LTR REV Btn-ATCACTCCCTAATTAACTACAACC 
IAPEz 5’LTR-Seq TTTTTATTTTATGTGTTTTGTTTTT 
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Table S2. 
Genomic coordinates of the exons of the mouse Dnmt3C long isoform (GRCm38/mm10).  
FEATURE CHROMOSOME START END 
EXON 1 chr2 153694681 153694751 
EXON 2 chr2 153695685 153695838 
EXON 3 chr2 153696646 153696808 
EXON 4 chr2 153697642 153697703 
EXON 5 chr2 153705367 153705486 
EXON 6 chr2 153706384 153706593 
EXON 7 chr2 153713480 153713624 
EXON 8 chr2 153714955 153715074 
EXON 9 chr2 153715235 153715279 
EXON 10 chr2 153716484 153716563 
EXON 11 chr2 153716846 153716958 
EXON 12 chr2 153717349 153717535 
EXON 13 chr2 153718219 153718306 
EXON 14 chr2 153719205 153719350 
EXON 15 chr2 153719945 153720035 
EXON 16 chr2 153720355 153720503 
EXON 17 chr2 153723482 153723567 
EXON 18 chr2 153726476 153726545 
EXON 19 chr2 153727227 153727345 
EXON 20 chr2 153729766 153730426 
 
 
  
15 
 
Table S3. 
Genomic coordinates of the exons of the mouse Dnmt3C short isoform 
(GRCm38/mm10).  
FEATURE CHROMOSOME START END 
EXON 1 chr2 153718102 153718306 
EXON 2 chr2 153719205 153719350 
EXON 3 chr2 153719945 153720035 
EXON 4 chr2 153720355 153720503 
EXON 5 chr2 153723482 153723567 
EXON 6 chr2 153726476 153726545 
EXON 7 chr2 153727227 153727345 
EXON 8 chr2 153729766 153730426 
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Table S4. 
RNA-seq data produced in this study.  
 
#Sample 
identifier 
Biological identifier 
Number of 
total reads 
Number of 
mapped reads 
% of mapped 
reads 
A176T3 Dnmt3C IAP/WT E16.5 164728231 110704435 67.20428813 
A176T4 Dnmt3C IAP/IAP E16.5 212070481 143937755 67.87260269 
A176T5 Dnmt3C IAP/WT P10 193129071 129651841 67.13222423 
A176T6 Dnmt3C IAP/IAP P10 187597904 125518071 66.90803486 
YHT-07 Dnmt3C IAP/WT P20 130090620 91668449 70.46507196 
YHT-08 Dnmt3C IAP/WT P20 231742848 159928449 69.01116922 
YHT-09 Dnmt3C IAP/IAP P20 216587483 129441207 59.76393705 
YHT-10 Dnmt3C IAP/IAP P20 167312274 96529742 57.6943578 
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Table S5. 
Whole Genome Bisulfite Sequencing (WGBS) data produced in this study.  
 
#Sample 
identifier 
Number of 
sequenced 
paired-end 
reads 
Mapping 
efficiency 
meCpG meCHG meCHH 
%CpG 
>1X 
coverage 
%CpG 
>5X 
coverage 
% CpG 
>10X 
coverage 
Dnmt3C IAP/WT 399414510 66.3% 78.5% 0.9% 0.9% 84.5 25 2.4 
Dnmt3C IAP/IAP 520808683 66.4% 77.7% 0.8% 0.8% 88.6 40.2 5.9 
Dnmt3L KO/WT 395951010 66.4% 76.6% 0.7% 0.7% 84.7 40.7 14.7 
Dnmt3L KO/KO 422638401 62.3% 39.4% 0.6% 0.5% 85.6 39.6 12 
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Table S6. 
Small RNA-seq data produced in this study.  
 
#Sample 
identifier 
Biological identifier 
Number of total 
reads 
Number of 
total reads 
(25-30nt) 
Number of 
mapped reads 
% of mapped 
reads 
GTJ-5 Dnmt3C IAP/WT 51782182 5702097 4051493 71.0 
GTJ-6 Dnmt3C IAP/IAP 43368520 7559276 6122803 80.9 
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Table S7. 
Whole Genome Sequencing (WGS) data produced in this study.  
 
#Sample 
identifier 
Biological identifier Number of 
total reads 
Number of 
mapped 
reads 
% of 
mapped 
reads 
Number of 
duplicated 
reads 
% of 
duplicated 
reads 
B86R1 Dnmt3C IAP/IAP 887603794 845646433 97.27% 116081252 14.00% 
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